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ABSTRACT 

the loss of metal surface area in supported metal 
catalysts due to thermal sintering is one of the nash causes 
for the deactivation of the catalysts. In this study 
changes in metal surface area caused by thermal treatment in 
hydrogen and oxygen at 300 and 800 %C for 1 and 16 h were 
examined for monometallic catalysts ( i%Pt, W%Ir, 12W j) and 
bimetallic catalysts ({ 14Pt/1%Ir and 1%Pt/1%W ) supported on 
alumina ( Alon ). 

Metal surface areas were measured by hydrogen 
adsorption using the dynamic flow method. Support surface 
areas where obtained by the BET method and changes in 
support crystallinity were examined by X-ray diffraction. 

Sintering results for the monometallic catalysts and 
the physical mixtures of the monometallic catalysts were 
obtained so that direct comparisons with the bimetallic 
catalysts could be made. The results for these catalysts 
are in general agreement with the results obtained by 
previous investigators, i.e. W forms a non-hydrogen 
adsorbing complex with alumina; metal surface areas of Pt 
and Ir decrease monotonically with increased Sintering 
temperatures for treatment in hydrogen; increases in metal 
surface area occur for Pt and ir during treatment in oxygen 
at temperatures of 300 = 550 °C for Pt and 300 - 350 9C for 
Ir. 


The sintering results for the bimetallic catalysts 
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showed that interaction existed between the two metals co- 
impregnated on the alumina support. The sintering behaviour 
of the Pt/ir bimetallic catalyst was very similar to that of 
the Ir catalyst when treated in hydrogen. { Note; che 
physical mixture of the Pt and Ir catalysts during treatment 
in hydrogen did not display any sinergistic effects ). 
After treatment in oxygen for 1h the Pt/Ir bimetallic 
catalyst showed interaction between the Pt and Ir. After 16 
h treatment in oxygen the results were similar to those for 
thesphysical mixture of Pt and Ir catalysts. The physical 
mixture of Pt and Ir indicated long range interactions 
between the metals which is believed to be due to vapour 
phase transport of metal oxide species. The Pt/W system was 
less extensively studied than: the Pt/ir-system but the 
results indicate a strong interaction between the Pt and W 
metals. 

It was concluded tlat in the freshly prepared 
bimetallic catalysts the metals are not physically separated 
on the support surface but are in close proximity to each 


other { possibly alloyed ). 
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CHAPTER 14 


INTRODUCTION 


4.1 Supported Metal Catalysts 


Supported noble metal catalysts are used in a wide 
variety of industrially important chemical reactions. Such 
catalysts consist, in general, of small metal crystallites 
‘@ispersed over a relatively stable porous material called the 
Support. The metai is the catalytic agent; however, in some 
cases the support may also participate in the reactions 
(e.g. the reforming of hydrocarbons). The metal is usually 
added tc the support by immersing the support in an aqueous 
solution of the netal sait and allowing the water toa 
evaporate. The impregnated salt is then reduced directly to 
the metal, or calcined in oxygen to form the metal oxide which 
is then reduced. The resulting metal crystallites may vary in 
size from >200 nm to smaller than 1 nm. The support is often 
a metal oxide such as alumina or silica and helps to create 


and maintain a high metal surface area. 


It has been observed for supported metal catalysts that 
at elevated temperatures and over prolonged periods of time 
the average metal crystallite size increases. This increase 
in crystallite size is called sintering and results in a lower 
metal surface area. Sintering is detrimental to the 
performance of the catalyst, because the decrease in metal 
surface area results in fewer ‘active' surface sites upon 


which the catalysed chemical reaction occurs. 
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In addition to time and temperature, the type of support 
and the atmosphere above the catalyst have a large effect on 
the thermal stability of a catalyst, i.e. its resistance to 
sintering. In certain circumstances the surrounding 
atmosphere can cause an increase in the metal surface area. 
This is desireable for the regeneration of deactivated 


catalysts. 


The mechanism by which the crystallites grow is still 
uncertain. One mechanism considers that the crystallites move 
across the support surface and then coalesce (1) while another 
theory suggests that atoms of metal leave one crystallite, 
travel across the support surface, and then are captured by 
another crystallite (2). By either theory the fundameatal 
driving force behind the sintering process is the same. This 
driving force is the reduction in the overall surface free 


energy of the netal.. 


There are several different techniques available for 
measuring the metal surface area of supported metal 
Catalysts (3). Among the simplest is the dynamic flow 
chemisorption method. In this method a suitable chemisorbing 
species is chosen. The chemisorbing species should be one 
that readily bonds to the surface metal atoms (e.g-e H2,02 s OF 
CO). By measuring the amount of chemisorption and assuming a 
stoichiometry of the adsorbate to the adsorbent (e.g. 1 H atom 


adsorbed per 1 Pt surface atom) a metal dispersion can be 
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determined. The dispersion is defined as the ratio of the 
number of surface metal atoms to the total number of metal 
atoms, fhe dispersion is directly related to the metal 
Surface area, and can be converted to a metal surface area by 
multiplying the dispersion by the total number of metal atoms 


and the average area per metal aton. 


The various criteria for choosing an adsorbate and the 
assumptions necessary to calculate the dispersion from 
adsorption uptakes have been discussed extensively in the 


literature (4,56) « 


3 Supported Bimetallic Catalysts 


Supported moncnetallic catalysts have dominated the 
industrial scene since the second world war; however, in the 
past decade bi- and multimetallic catalysts have become widely 
used. In this case two or more metals are dispersed on the 
support. The popularity of these catalysts over monometallics 
is due to several factors. These include: 

1. often bimetallics have increased activity thus 
requiring less severe operating conditions for the catalysed 
reaction; 

2. incorporation of a second metal may lead to different 
product) distributions,!i.¢.. better: selectiyity; 

3. bimetallic catalysts may have increased thermal 
stability with respect to sintering; 

4, bimetallics may retard coke formation (e.g. Pt/Re). 


(This is of great significance in catalytic reactions 
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involving hydrocarbons.) 


Very little has been published in the open literature on 
supported bimetallic catalysts especially in regards to the 
thermal stability. The thermal stability characteristics and 
other properties of these catalysts depend partly on the 
surface composition of tne metal crystallites. Whereas with 
monometallic catalysts the composition of the crystallite 
surface 1s the same as that of the bulk, this is not 
necessarily true for the crystallites of bimetallic catalysts. | 
In fact, it 1s well known that when two or more metals are 
present as an alloy the surface will be enriched with the 
metal that has the lower surface energy (or lower heat of 
sublimation). For bimetallic catalysts it is of interest to 
know whether the crystallites form alloys or whether the 
metals remain segregated on the support. Also if alloys are 
formed, it is of interest to determine the extent to which the 
surface is enriched with one component and the effect the 


surrounding environment has on the surface composition. 


In the present study the thermal stabilities of the two 
supported bimetallic catalysts Pt/Ir on alumina and Pt/W on 
alumina were investigated. There is relatively little in the 
open literature on the sintering behaviour of either of these 
two catalysts. This is somewhat surprising since Pt/iIr on 
alumina is widely used commercially for the reforming of 
hydrocarbons. It was hoped that through the study of the 


thermal stability , information could be derived as to the 


composition of the metal crystallites on the support and the 
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mechanism (iee crystallite versus atomic migration) by which 


the catalysts sinter. 
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CHAPTER 2 


EXPERIMENTAL 


ei Introduction 


This chapter describes the methods for catalyst 
preparation as well as the procedures used for catalyst 
characterization. The catalyst preparation is described at 
some length since this is still very much an art and small 
variances in procedure can result in quite different 


dispersion of the metal. 


Five differernt catalysts were used in this work: 
1%ZPt/falumina, 1%Ir/alumina, 1%4W/alumina and co-impregnated 
WAPt/fikir/alunina, 1Pt/1%W/alumina. All catalysts were 
prepared in the laboratory and in all cases the support was. 
Alon. Alon is a commercial gamma-alumina manufactured by the 
Cabot Corporation cf Boston, Massachusetts. The support was 
impregnated using an aqueous solution of the metal salt... 
Platinum (II) chloride and iridium (III) chloride were 
puxchased from Engelhard Industries of Canada Ltd., Toronto, 
Ontario. Ammonium metatungstate was obtained from ICN 
Pharmaceuticals, Plainsview, N.Y... The anelysis of the 
tungsten content in the metatungstate is outlined in Appendix 


Ce. 


For the preparation of the monometallic catalysts, a 


weighea amount of dry Alon (usually 100 grams) was wetted with 
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distilled de-ionized water until a smooth paste was formed. 
Approximately 1 ml of water was added per gram of Alon. The 
required amount of the aqueous salt solution (i-e. that 
reguired to give a metal loading of 1 weight percent) was 
pipetted into a graduated cylinder and diluted with 60 mis of 
distilied de-ionized water. The contents of the graduated 
cylinder were slowly added to the alumina paste which was 
being stirred vigorously. The graduated cylinder was rinsed 
with several 10 ml portions of distilled de-ionized water and 
the washings were added to the Alon. The Alon was left to 
stand for 24 hours, being stirred intermittently. It was then 
slowly heated, on a hot plate, while being continuously 
stirred until a thick paste formed. The paste was spread 
evenly over the walls of the containing vessel (2000 mi 
beaker} and allowed te air dry for 24 hours. Next, the 
catalyst was crushed to Fae powder and dried in a Fisher 


Isotemp oven at 110 °C for another 24 hours. 


The procedure for the preparation of the co-impregnated 
catalysts was the same as that just described for the 
monometallic catalysts except for one change: the required 
volumes of the metal salt solutions (plus the 60 mls of 
distilled de-ionized water) were mixed thoroughly before 


adding to the alumina paste. 


The reduction of the dried catalyst consisted of a series 
of steps. First the sample was reduced in a flow of hydrogen 
(50 cc/min) at 150 °C for 16 hours. The temperature was then 


increased to 250 °C for 2 hours and finally 500 °C for 1 hour. 
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The sample was purged with nitrogen (50cc/min) and cooled to 
room temperature. The catalyst was reduced in 20 gram batches 
and all batches were mixed together to give as homogeneous a 
catalyst as possible. The reduced catalyst was stored at room 


temperature in air. 


2.3 Experimental Schedule 


The objective of the experimental program was to measure 
the dispersion of the catalysts before and after thermal 
treatment under a prescribed set of conditions. In ali cases 
the initial dispersion was measured. The initial dispersion 
will also be referred to as the Gispersion of the ‘fresh! 
catalyst or the ‘unsintered! catalyst. The catalyst sample 
was hen treated in either hydrogen or oxygen for 1 or 16 
hours at a given sintering temperature. The dispersion of the 
Sintered catalyst was measured and a relative uptake (sintered 
dispersion/ unsintered dispersion) was calculated. The 
relative uptake was determined over a range of temperatures. 


The relative uptakes were plotted against temperature to give 


the sintering curves. . 


Besides the sintering behaviour of the monometallic and 
bimetallic catalysts, an investigation of the thermal 
stability of mechanical mixtures of the Pt and Ir, and, Pt and 
W monometallic catalyst was made. In this case 50/50 weight 
percent mixtures were prepared by intimately mixing the 
catalysts in a mortar with a pestle. The sintering curves for 


the mechanical mixtures were compared to the curves for the 
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monometallic as well as the bimetallic catalysts. It was of 
interest to see if the metals in the mechanical mixtures 
Sintered independently of each other or whether there were 
synergistic effects due to long range metal transport 


(e.g. Vapour phase transport). 
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The metal dispersion was measured by hydrogen 
chemisorption. The apparatus used was much the same as that 
described by Freel (7) and Flynn (8). A schematic diagram of 
the apparatus is shown in Figure 2.1. Calibration of the 
apparatus is detailed in Appendix A. The original sample 
loops on the gas sample valve were too large and a pair of 
0.345 cc loops were constructed from 0.125 inch stainless 


steel tubing. 


The initial metal dispersion was measured by the 
following procedure. An accurately weighed catalyst sample 
(~1.5 grams for all the platinum and iridium catalysts, ~2.5 
grams for the Pt/W bimetallic catalysts and ~3.2 grams for 
the Pt-W mechanical mixture catalysts) was packed between 
glass wool in the Vycor U<tube sample holder and purged with 
hydrogen (50 cc/min).s In the later stages of the 
investigation, Sintering was carried out at temperatures 
>500 °C, and quartz wool instead of glass wool was used. The 
furnace (Lindberg Box Furnace, Sola Basic Industries 
Watertown, Wisconsin model 51748) was heated to 500 °C (+/- 


2 °C) and controlled using a Thermo Electric 
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Selectrol temperature controller (Thermo Electric Co. Saddle 
Brook, NeJe model 381402110). The sample was then placed in 
the furnace and treated in hydrogen for 1 hour. Hydrogen was 
used in order to clean the metal surface of any oxides. Next 
the gas was switched to nitrogen (50 cc/min) and the sample 
purged for 2 hours. The nitrogen purge allowed for the 
desorption of hydrogen from the metal surface. The sample 
holder was removed from the furnace, still purging with 
nitrogen, and allowed to cool to room temperature. While the 
Sample was cooling the thermal conductivity cell (Gow-Mac 
Instument Co., Madison, N.J.- Model No. 10-735, with rheniun- 
tungsten filaments, powered by a Gow-Mac Power supply, model 
40-05C) was switched on and allowed to warm up. The filament 
current was preset to 150 mA. The T.C. cell was immersed in 
an ice water bath. The output from the T.C. cell went to a 
Hewlett-Packard model 3380A reporting integrator which was 
also allowed to warm up several minutes prior to use... 
Hydrogen at a constant flow rate of 50 cc/min was passed 
through one loop of the 8-port Carle gas sample valve (Carle 
Instruments Inc., Fullerton, California model 4200.). When 
ane Catalyst sample was at room temperature the gas sample 
valve was electrically activated and injected the volume of 
hydrogen in the sample loop (0.345 cc) into the nitrogen 
carrier stream. The gas sample valve had two sample loops and 
Was so designed that when activated one loop which was purging 
with hydrogen was isolated and flushed with the nitrogen 
carrier. The other loop which had just previously been 


flushing with nitrogen was now purged with hydrogen. Pulses 
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of hydrogen were injected at 3.5 minute intervals until the 
Size of two consecutively eluted peaks, as shown on the 
integrator, were constant (i.e. no nore hydrogen was being 
adsorbed). The amount of hydrogen adsorbed was calculated as 
the difference between the amount of hydrogen injected and the 


amount of hydrogen eluted. 


fo sinter a sample the furnace was set to the desired 
temperature. The sample, for which the initial dispersion had 
just been determined, was purged with nitrogen (50 cc/min) 
then placed in the furnace and allowed to reach the set 
temperature. When the set temperature was achieved the 
nitrogen flow was replaced by the desired gas (flow rate 50 
cc/min) in which the sintering characteristics were to be 
determined. in this study the atmosphere was either oxygen or 
hydrogen. The sample was allowed to sinter for the required 
length of time and then the flow was switched back to nitrogen 
and the sample holder removed from the furnace. The furnace 
was brought to 500 °C and the same Butea tre was followed to 
measure the dispersion of the sintered sample as that used to 
measure the initial dispersion. In most cases repeat 
determinations of the hydrogen adsorption were made on the 
Same Sample. The procedure for the repeat determinations was 
to reduce the sample again in hydrogen for 1 hour at 500 oC 
followed by a 2 hour nitrogen purge. The sample was withdrawn 
from the furnace, cooled to room temperature, and the hydrogen 


adsorption uptake was remeasured. 


The gases used were of very high purity. Hydrogen was 
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generated electrolytically with the Matheson Elhygen-R 
hydrogen generator (Matheson Gas Co. East Rutherford, Nad. 
model 8320). The hydrogen was further purified to remove 
traces of oxygen by passing it over an Engelhard Deoxo 
hydrogen purifier and then over a bed of 4A molecular sieves. 
The nitrogen was Linde Specialty Gas prepurified (Union 
Carbide Canada Ltd., Toronto, Ontario). It was further 
purified to remove traces of oxygen and hydrogen by using a 
Cu/CuO catalyst heated to 300 °C. The nitrogen was also 
passed through a bed of 4A molecular sieves. The oxygen was 
Linde specialty gas, Ultra High Purity, and was used without 


further purification. 


2-5 X-ray Diffraction Measurement 


some of the catalysts used in this study were examined by 
X-ray diffraction. The diffraction patterns were used 
qualitatively to examine the changes in the crystallinity of 
the Alon support and the changes in metal crystallite size due 
to thermal treatment. The X-ray data was found quite useful 
in the interpretation of the chemisorption data and the 


Sintering behaviour. 


Changes in the crystallinity of the support are important 


because; 


1.. Crystallization of the originally amorphous support 
decreases the surface area which results in metal crystallites 


becoming inaccessible to the hydrogen adsorbate. 
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2. Changes in the structure of the Support will affect 
the mobility of the metal and thus affect the rate of 


sintering. 


Netal particle size can be obtained fron X-ray 
diffraction. The presence of small crystalline particles 
causes a broadening of the diffraction lines. Equations are 
reported in the literature (9) which relate the line 
broadening to the average particle size. Although in this 
work actual particle sizes were not calculated, the X-ray data 
was uSed qualitatively to indicate how the metal crystallite 


Size Changed with different sintering treatments. 


Preparation of the catalyst for an X-ray scan involved 
crushing the sample to a fine powder. The powder was then 
lightly sprinkled onto a glass slide which had been coated on 
one side with petrcleun oe The purpose of the jelly was 
to hold the the powdered sample on the slide. Excess sample 
was removed from the slide by a gentle tapping. The sample 
was then mounted in the diffractometer. A Phillips 
diffractometer (type PW 1380/60 no. 0698) was used. Cu (Ky ) 
(A=0.1541 nm) radiation was used with a nickel filter. For 
most of the scans the angle scan rate was 0.125 qeross aie 
the attenuation was 4, the CPS was 400 and the time constant 
0.4. The scan started at an angle of 8=17 and usually ended 
at 6=24 if only the changes in the metal crystallite size were 
being studied. To study changes in the crystallinity of the 


support the angle was scanned to 98=36. 


The diffraction pattern was recorded on a strip chart 
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With the intensity of Signal measured against 20. These 
recordings were traced and replotted versus the d spacings 
which are obtained by substituting the angle 6 into the Bragg 


equation (10). 


2-6 BET Surface Area Measurement 


owners ee eee 


Surface areas of the support were measured by using a 
Standard constant volume BET apparatus. The dead volume 
determinations were done using helium and the BET isotherms 
were measured using nitrogen at liquid nitrogen temperatures. 
The vapour pressure of nitrogen at liquid nitrogen 
temperatures was measured with a Wallace-Tiernan pressure 
gauge (Pennwalt, Wallace & Tiernan Division, 1500 Hi 
Performance Gauge Line, Belleville N.J.). The pretreatment of 
the catalyst consisted of evacuating the samples at 200 °C to 
a pressure of <10-3 Torr. An average of five points in the 
range of 0.05<P/Po0<0.35 were measured for each surface area’ 
nee Cepiiamicaes Surface areas of the support were measured for 
fresh and heavily sintered Samples, only, in order to 


determine the changes of the support area during sintering. 
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Introduction 


The hydrogen adsorption results, the X-ray diffraction 
(XRD) results and the BET surface area measurements are 
summarized in this section. All the hydrogen adsorption 
results are listed in Table B-1 of Appendix BB.) \ Fach 
experiment in Table B-1 consists of a set of hydrogen 
chemisorption measurements (called ‘runs') for a fresh 
Catalyst sample. The metal dispersions are listed as the 
thy drogen to metal* ratio (H/M) (where H=total atcms of 
hydrogen adsorbed and M=total metal atoms), and throughout 
this work the two terms will be use@ interchangably. The 
dispersion is equivalent to the H/M only if one H aton 
Chemisorbs on one surface metal atom. There is evidence in 
the literature (11) that a 1:1 stoichiometry exists for H 
atoms adsorbed on Pt; however, for Ir and W the adsorption 
Stoichiometry has not yet been established. The presentation 
of the chemisorption data in terms of the H/M rather than 
dispersion was perferred, since, the H/M implies no 


assuaptions as to adsorption stoichiometry. 
The equation used for calculating H/M is: 


H/M = N * V * F * No seal} 
(W/100) * (M1/NW44M2/MW2) *NO 


where: 
N=the no. of pulses adsorbed (calculated from the peak 
areas) 
V=the average volume of Hy in the sample loops=0.345 cc. 
P= ((1/22414)*(2)) moles of H per cc. 
No=Avogadro's number 
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W=the weight of the catalyst Sample in grams (a) 
Ni=the wt.% of metal 1 on the catalyst 
M2=the wt.% of metal 2 on the Catalyst 
MW1=the atomic weight of metal 1 
MW2=the atomic weight of metal 2 


(a) W=W/2 for the mechanically mixed catalysts 


In the case of the bimetallic M in the term H/M represents the 


total number of metal atoms. 


The method used for calculating the H/M and an 
illustrative example are given in Appendix A. Appendix B 
dists the computer programs that were written to calculate HM 


and tabulate the data as given in Table B-1. 


For each experiment listed in Table B-1 a relative uptake 
was calculated. The relative uptake is the ratio of the 
average dispersicn of the sintered sanple to the average 
dispersion of the unsintered sample. {his is equal to the 
ratio of the amounts of hydrogen adsorbeé by the sintered and 


unsintered sample, thus the term relative uptake. 


Relative uptake (RU) is a rather useful concept in the 
study of chemisorption on supported metal catalysts for 
several reasons. One Cae is that no assumption need be 
made concerning the adsorption stoichiometry in order to 
Calculate the RU. The only assumption ie that the adsorption 
stoichiometry is independent of the metal crystallite size. A 
second reason for using relative uptake is to account for 
inhonogeneities in the metal content and the initial metal 
dispersion of the catalyst samples. Such inhomogeneities are 


not only found between different batches of catalyst but also 
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within the sampling of the same batch. It is found that if 
two samples from the same batch of catalyst are sintered by 
exactly the same treatment conditions, the resulting 
dispersions will be different if the initial dispersions were 
different. The RU seems to compensate for small variations in 
the initial dispersion. An example of this is found by 
comparing the results of Exp.# 37 and Exp.# 38 in Table B-1. 
In both these sets, a sample of Pt/Ir bimetallic catalyst was 
sintered in oxygen at 500 °C for 1 hour. The average FeAe 
and Soar cd dispersions for the first set were 0.434 and 
0.254 respectively. For the second set the averages were 
0.471 and 0.264. Although there is more than an 8% difference 
between the initial dispersions and a 4% difference between 
the sintered dispersions, there is only a 2% difference 
between the relative uptakes. The relative uptake will only 
nob ths the data if the differences in the initial 
dispersions are small (12). A third reason for using the 
relative uptake is that systematic errors in the experimental 
apparatus such as: improperly calibrated sample loops, 
variations in gas flow rates, temperature and pressure are 
cancelled. These errors can be significant when calculating 


the ‘absolute’ dispersion. 


3-2 Adsorption Resuits 


The methods used for sintering the catalysts and 
measuring the hydrogen adsorption have been discussed 


previously in the experimental section. 
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the results from Table. B-1 have been summarized in terms 


of the relative uptake and are fisted in Tables 3,4°- Je he 


Much data were collected on the initial dispersions of 
the different catalysts. As such an average eae 
dispersion was calculated for each catalyst. A standara 
deviation (SD) and the coefficient of varience (CV) were also 
Calculated. The results are given in Table 3.5. The CV is 
the standard deviation divided by the average (13). Results 
of repeat uptake measurements on the Same catalyst sample are 
given in Table 3.6. Results of repeat sintering experiments 


on fresh catalyst samples are given in Table 3.7. 


3.3 The BET Surface Area Results 


———— 0 See eee eee 


The surface areas of the Support were measured for some 
of the fresh and heavily sintered samples using the BET 
method. The results are given in Table 3.8 A Sample 


Calculation of the surface area is given in Appendix A. 


324 X-ray Diffraction Results 


The X-ray diffraction patterns are shown in Figures 3.1 - 
325. Intensity of signal is plotted against lattice spacing, 
aq Increased intensity of the X-ray diffraction lines 


indicate increased crystallinity. 
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Table 3.7 


Repeat Experiments on Fresh 
Catalyst Samples 


Catalyst Exp. Treatment Relative Uptake 
# FW Cm U/Uo 
Le 7 OXYESOOD 56 0.230 
8 0.258 
10 HYD 650 1 0.783 
11 0.883 
13 HYD 650) 16 0.821 
14 0.802 
15 HYD 800 16 0.607 
16 0.626 
Pt 17 OXY 300 1 Oa> 2 
18 Va027 
SH) EYB) 650° ~16 0.621 
32 0.597 
3S 0.580 
Pt/ir 37 Oxy 500 1 0.585 
Bimet 38 Q2573 
4 4 OXY 400 16 0.608 
42 02565 
43 OxY 500 16 0.889 
Wy 0.914 
45 0.895 
Pt/Ir 2 OXY 400 1 0.862 
Max Sys: 0.847 
Pt /W 66 OXY 600 1 2.544 
Bimet 67 2e02o 
69 OXY 600 16 We 10 


70 1.982 
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Table 3.8 


The BET Surface Area Measurements for 
the Catalyst Support 


Cat. EX Dp. Treatment Surface Area 


# Atm Temp Time Sq. Mm/g 
(Ce. (hb) 

1%Pt unsintered 96.4 

220 OKT OO) WT. 96.7 
1%itr unsintered 95. 529650 

12 HYD 800 1 94, 1 

16 HYD 800 16 93.2 
126 unsintered 102.3 
1ZPt/iZIr unsintered 96.4 
Bimet. 

50 OXY 800 16 92. 4 
IRPt/ 140 unsintered 96.0 
Bimet. 

68 OxY 700 1 100.8 

69 OXY 600 16 101.6 

71. HYD 650 1 95.71 


72 HYD 800 1 97.8 
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Exp , #34 a e A Na la 
1% Pt/Alon sintered for 16 h at 
800 C in H, 

Exp. #28 

1% Pt/Alon sintered for 16 h at 

800 C in 0, 


Ext 27 
1% Pt/Alon sintered for 16 h at 


a 


> 

oe) 

ord 

199) 

Pa 

a 

vf 

Hil Rap. #26 
1% Pt/Alon sintered for L6vn ae 
600 C in 05 Sm, 


1% Pt/Alon fresh catalyst 


D a f b a 
176 1.89 2.06 vaya 2.49 
@=(26) (24) (22) (20) (18) 


Lattice Spacing , d (A) 


Figure 3.2: X-ray diffraction patterns for 1%Pt/Alon 
Sintered at various conditions. (Lines indicated 


correspond to: a=%~- a1 0, ,b= %-Al,0, ,c=%t- Al 7° y 
f=Pt) a sy 
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Intensity 


1ZPt /1ZW/Alon Bimetallic 
fresh catalyst 
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Chapter 4 
DISCUSSION 


4.1 Introduction 
The topics discussed in this Chapter are: 


1. the factors which affect initial metal dispersion on 


the support; 


1 


2 the limitations of the dynamic flow technique and the 


repeatability of hydrogen chemisorption measurements; 


3. the factors that affect hydrogen adsorpticn on the 


catalyst; 


4. the results of the Sintering experiments for the 
mohometallic Pt, Ir and W catalysts and the bimetallic Pt/ir 


and the bimetallic Pt/W catalysts. 


4e2 Factors Affecting Initial Metal Dispersion 


In order to make a meaningful comparison between the 
thermal stabilities of the different supported metal 
catalysts, the catalysts have to have approximately the sane 
initial metal dispersion (12). An even metal @istribution on 
the support is also desired. Achievement of these properties 
is dependent on a number of factors, the first being, the 
-method of addition of the metal to the support. In this study 
the impregnation technique was used because of its Simplicity. 


Other factors considered during the preparation of the 
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catalysts are discussed in the rest of this section. 


4.2.21 Choice of Metal Salt 


Consideration was given to the type of metal salt to be 
used for the impregnation of the Support. The criteria for 
choosing the salt included such things as: the solubility in 
water; the rate of adsorption on the Support and the ease of 


reduction in hydrogen. 


Since aqueous solutions of platinum and iridium chloride 
had worked well for others (14,15) these salts were used for 
the preparation cf the monometallic Catalystisos FOE the 
bimetallic PtyIr catalyst adaptations of the preparation 
Peete: of McKee and Norton (16) and others (17) were used. . 
It was decided that a mixture of aqueous solutions of platinun 
‘and iridium chlorides would be suitable. The use of ammoniun 
metatungstate for the monometallic W and the Pt/W bimetallic 


catalysts was suggested by Mertzweiller (18). 


. 8.222 Choice of Support 


The use of Alon as the support helped in the preparation 
of a well dispersed metal. Alon is a fumed ¥Y-alumina with an 
average particie size in the range of 30 nme The use of Alon 
allowed for rapid and thorough mixing of the Support with the 
metal salt solution. The use of non-porous Alon also 
circumvented the problems cf uneven metal distribution due to 


pore diffusion which is common with pellets (19). 
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42223 Choice of Reduction Treatment 


The catalysts were reduced for 16 h in hydrogen at 
150 °C. The low temperature reduction promoted the formation 
of a highly dispersed metal on the support. To ensure that 
all of the metal salt had been reduced the catalysts were 
further treated in hydrogen for 1 h at 250 °C and 1 h in 


hydrogen at 500 9c, 


To further increase the homogeneity of the catalyst 
batch, the catalyst was crushed to a fine powder and mixed 


thoroughly. 


4.224 Summary 


The experimental procedures outlined in the experinental 
section were strictly followed so as to ensure a unifora 
preparation of the catalysts thus reducing, to a minimum, any 
variation in the catalysts due to preparation technigue. 

i eee eee the following of any catalyst receipe as closely 
as possible cannot ensure the preparation of a unifornly 
dispersed metal. There are too many possible sources of 
Variation. For example, it was found in this study that the 
rate of drying of the impregnated catalyst was VELY critical. 
The first batch of Pt catalyst prepared had a crust of yeliow 
platinum chloride on the catalyst paste surface. It was 
evident that too rapid drying had leached out the platinum 
‘sete! Subsequently the drying procedure was changed to 
involve a slow heating of the catalyst while it was being 


constantly stirred. At the point when the catalyst paste was 
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quite thick, it was spread over the walls of the containing 
vessel and allowed to air dry for 24 h. This technigue 


stopped the ‘leaching! problen. 


Table 3.5 gives the initial dispersions for tie 
Catalysts. It is seen from the table that for the 
monometailic Pt and Ir and the Pt/ir bimetallic catalysts some 
success was achieved in preparing catalysts with approximately 
the same initial dispersion. The initial dispersions for the 
set of platinum and iridium catalysts were all within 10% of 
each other. The 1%Pt/Alon catalyst had the largest CV (8. 8%) 
for the set. The other platinum and iridiun catalysts had 
CV's typically around 5.3%. The initial dispersion of the 
Pt/W bimetallic catalyst was quite low (0-067) and the CV was 
high (24%). This was likely due to the chemical system rather 
than the preparation technique. To illustrate how the initial 
metal dispersion varied through the batches of catalysts, 
Table 3.5 gives the range found in the measurement of the 


initial dispersion. 


4.3 Hydrogen Chemisorption Measurement 


4.3.1 The Dynamic Flow Method 


Se 


A dynamic flow method similar to that described by Flynn 
(8) was used to measure hydrogen chemisorption. Hydrogen 
pulses were injected into the nitrogen carrier stream which 
passed through the catalyst bed. By measuring the amount of 


hydrogen injected to the catalyst and the amount of hydrogen 
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eluted from the catalyst, the hydrogen uptake of the catalyst 
was calculated. It was assumed that the hydrogen uptake was 
due, primarily, to rapid and irreversible hydrogen 
chemisorption on the surface of the metal crystallites. There 
were other possible sources of hydrogen adsorption which may 
have contributed to the measured uptake. These other sources 
include spillover of hydrogen to the Support and hydrogen 


dissolution into the metal crystallites (20). 


The great advantage of the dynamic flow method is its 
Simplicity of Hesian and its rapidity in measuring hydrogen 
chemisorption. The biggest disadvantage of the method is that 
it only measures hydrogen adsorption which is rapid and 
irreversible. As such, the measured adsorption is generally 


lower than that found by the ‘static! adsorption method (21). 


4,322 Factors Inherent in the Dynamic Flow Apparatus 


that Affect the Measurement of Hydrogen Uptake 


Variations in the measured hydrogen uptake allen catalyst 
can be attributed to several variable factors inherent in the 
experimental apparatus. These variable factors include: the 
amount of hydrogen injected per pulse; the catalyst Sample 
size and nitrogen flow rate; the time between pulse injections 


and the carrier gas purity. 


Differences in the pulse size can arise fron changes in 
the atmospheric temperature and pressure, improper port 
alignment in the gas sample valve and changes in the hydrogen 


flow rate. Since the atmospheric pressure and temperature 
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changes were usually small (ise. < 10 mmHg and < 2 9C) these 
fluctuations account for only a 1 ore *% Change in the amount 
of hydrogen in the pulse. Improper port alignment however is 
a more serious problem. If the ports are not aligned exactly, 
the restriction in the hydrogen flow through the sample loops 
could result in an increased hydrogen pressure in the loops 
and thus more hydrogen injected per pulse. Serious port 
misalignment was not observed. The flow rate of hydrogen was 
always maintained at 50 cc/min and only small fluctuations 


were observed in the flow. 


All the hydrogen chemisorbed on the metal surface was not 
irreversibly. adsorbed, » It was found for 1 gram of either tke 
Pt or Ir monometallic catalyst, 7.2% of a pulse of hydrogen 
was lost when the catalyst was purged for 15 min in nitrogen 
at room temperature. The time between hydrogen injections was 
ree rore a ce in the total measured amount of hydrogen 
uptake. Because a variation in the time between pulse 
injections could change the measured amount of hydrogen 
adsorbed, a fairly constant period of 3.5 min between pulse 


injections was used. 


As mentioned in the experimental section, precautions 
were taken to rid the carrier gas of traces of oxygen and 
hydrogen. Small traces of these contaminants can seriously 
affect the amount of hydrogen adsorbed on the Catalyst. For 
example consider a case where 1.5 g of 1%Pt catalyst, with an 
initial dispersion of 0.402, is purged with nitrogen, 


containing 10 ppm of oxygen, for 2 hours at a 50 
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cc (STP) ymin flow rate. Assuming that all the oxygen is 
chemisorbed by the platinum during the nitrogen purge, 35% 
more hydrogen will be required in the uptake measurement than 
if no oxygen was present in the nitrogen. The extra hydrogen 
adsorption is due to the hydrogen reacting with the 
chemisorbed oxygen (to produce water). Small quantities of 
oxygen in the nitrogen carrier gas can therefore have a very 


large effect on the measured uptake. 


4.3.3 Repeat Adsorption Measurements on the Same Sample 


For a catalyst sample the hydrogen uptake was generally 
measured twice and the repeatability of the adsorption 
measurements is shown in Table 3.6. (To perform the second 
adsorption measurement, the chemisorbed hydrogen from the 
first measurement was removed by purging the catalyst for 2 
hours at 500 oC With nitrogen.) From Table 3.6 it is seen 
that in a majority of cases the second uptake measurement was 
within 10% of the first uptake measurement and except for the 
bimetallic PtyW catalyst, the second uptake was generally 
Within Sk of the first uptake. “Ina majority of cases, for 
both the fresh and sintered Pt and Ir catalysts the second 
hydrogen uptake measurement was less than the first hydrogen 
uptake measurement. For the preparation of the table it was 
somewhat arbitrarily chosen that repeat uptakes within 2.5% of 
each other would be assumed equal. Differences in the 
hydrogen adsorption between the first and second uptake 
measurements has been observed by others (14); however no 


suitable explanaticn of the cause of this difference has ever 
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been given. In the case of the Pt/W bimetallic and the Pt-w 
mechanically mixed catalysts, the second hydrogen uptake was 


generally larger than the first. 


4.3.4 Repeat Sintering Experiments 


To test the repeatability of the Sintering experiments 
several repeat experiments were carried out on fresh catalyst 
Samples. These results are shown in Table 3.7. Overall the 
repeatability was quite good. Most of the repeat 
determinations lay within 10% of each other. A coefficient of 
Variance (CV) was calculated for each of the repeat 
determinations and an overall average CV was calculated for 
all of the results in Table 3.6. The overall average CV was 
be 2% The repeat experiments showed that the techniques used 
to sinter the catalysts and the methods of measuring the 


hydrogen chemisorption gave repeatable results. 


4.4 Factors Which Affect Hydrogen Adsorption 


Changes were observed in the amount of hydrogen 
chemisorbed by the catalysts. The reasons for the change in 
uptake included: catalyst inhomogenity; variations in 
experimental procedure; changes in the support area and 
Support crystallinity; metal-support surface reaction; 


Variation in the average metal crystallite size. 


The causes of catalyst inhomogenity and variations 
inherent in the experimental procedure were discussed in the 
first two sections of this chapter. This section will discuss 


the remaining three. 
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4.4.1 Sintering of the Support 


pas yee. Gl BO fe me Or ms a ore ae en ee 


At high temperatures many catalyst support materials 
decrease in surface area. The reasons for the decrease are: 
collapse of the pore structure; increased crystallinity of the 
support and possible EEE TIRES Eh of the support particles. 
In all cases the decrease in the surface area can result in 
the entrappment of the metal. The metal thus becomes 
inaccessible to the chemisorbing gases and so the hydrogen 


uptake decreases. 


The Alen support used in this Study was non-porous. 
There was little loss in surface area even after severe 
treatment (heating at 800 °C for 16 h). Table 3.8 shows that 
oie the exception of the 1%W¥ catalyst, the initial support 
surface area of the fresh catalysts WaS approximately 96 m#/g._ 
The theoretical surface area calculated for spherical 
particles of Alon 30 nm in diameter is ~50 m@/ge Non- 
sphericity and surface roughness of the Alon particles 
accounts for the measured surface area being larger than the 
theoretical surface area. Treating the different catalysts 
under a variety of conditions resulted in a surface area 
change of only a few square meters per gram. No correction 
for the change in support area was made to the dispersions 
given in Table B-i. The support area for the tungsten 
catalysts seemed to be somewhat higher than the support areas 
measured for the Pt and Ir catalysts. This may have been due 
to the surface complex formation between the W and the alumina 


support (discussed. later). 
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An increase in the crystallinity of the support can also 
result in metal crystallites becoming inaccessible to the 
chemisorbing gas. The X-ray data shown in Figures 3.1 - 3.5 
shows no substantial changes in the crystallinity of the 
support. This is indicated by the lack of an increased 


intensity of the alumina diffraction lines. 


ee Metal-Support Compiex Formation 


Low hydrogen uptakes would also result, if the metal. 
reacted with the support to give a non-hydrogen adsorbing 
surface complex. Such complexes have been postulated for both 


W and Pt on alumina. 


Ho4%.2. (a) Tungsten-Alumina Complex 


The 14W/Alon catalyst prepared by the impregnation of the 
Alon with ammonium metatungstate could neither be reduced to 
metallic tungsten nor was there any hydrogen adsorption on the 
catalyst. As Biloen and Pott (23) found, WO, when deposited 
on Y-alumina and calcined, reacted to form an irreducable 
tungsten compound. They postulated the formation of a surface 
tungstate Alj(W0,)3 . The structure of the complex is 
undoubtedly similar to the surface structure given by 
Massoth (24) for the reaction of MoO, with Y-alumina. 


Accordingly the W03 / Y-alumina complex would be: 
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The formation of an irreducible complex of tungsten on 
alumina was also found by Sondag and co-workers (25). sondag 
observed that tungsten could be reduced to the metallic state 
but the reduction depended strongly on the type of alumina 


used and the concentration cf the Won the support. 


Ge 4.2 (b) Pt/Al503 2 Ir/ A150, Surface Complex 


The possibility of a reaction between Pt and alumina was 
Suggested by Sprys and Mencik(26) from their electron 


microscopy studies. 


Recently Dautzenberg and Wolters (2oheioundethateaftter 
treating a Pt/Al,0, catalyst in hydrogen at temperatures 
>500 CC the H/Pt decreased yet X-ray diffraction and electron 
microscopy studies showed no appreciable increase in the 


average Pt crystallite size. They proposed a reaction: 


BD Gat AIO 10) toy ee PeeAl On) Pt) X10 (4. 2) 
where Pt-Al,03_. does not adsorb hydrogen. They suggested 
that the formation of Pt-Al,03_, results in lower H/Pt without 
an increase in the average Pt crystallite size. Their 
Sintering studies in oxygen gave lower H/Pt along with 
increased Pt crystallite size. No surface complex was 


postulated for the sintering in oxygen. 


The X-ray diffraction data shown in Figure 3.2 would tend 


to verify the findings of Dautzenberg and Wolters. A 
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Crystalline Pt peak of increasing intensity appeared when the 
Pt catalyst was sintered at temperatures >600 °C in oxygen. 
The Pt peak indicates the formation of large crystallites. 
The X-ray pattern for the catalyst bun dheed in hydrogen at 
800 °C for 16 h shows no appreciable Change in the Pt crys- 
tallinity but there is a substantial decrease in the hydrogen 
uptake. Although the decrease in H/M could be due to the 
formation of Pt-Al,0, | , the low uptake of hydrogen and the 
lack of increase in the intensity of the Pt weLayucpvetract ion 
lines may also be explained as follows. If in the Sintering 
of a fresh catalyst, the crystallites grow to forn Larger 
crystallites all with approximately the same size (i.e. a 
‘narrow’ particle size distribution) the dispersion can be 
See Se lower than the dispersion for the fresh catalyst 
with no okservable change in the intensity of the X-ray 
diffraction lines. Table 4.1 illustrates this pointe | Dhe 
table gives the variation in crystallite size and relative x- 
ray diffraction line intensity for several different 
dispersions of a hypothetical Pt catalyst. The ‘INITIAL! 
catalyst is composed of 800 spherical Pt particles with an 
initial. dispersion of 0241. Distribution number 1a, although 
for a hypothetical catalyst, represents what may happen to a 
real Pt catalyst when sintered in hydrogen. In 1a pairs of 
the initial 800 Pt particles have coalesced to form 400 
particles 3.15 nm in diameter. The dispersion has decreased 
from the INITIAL 0.41 to 0.32. Changes such as these can 
readily be detected by chesisorption techniques. The X-ray 


line intensity has doubled; however, this increase may not be 
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readily observable. ‘This is due to a number of factors 
including: the amount of metal loading on the Catalyst: 
instrument background noise; the type of diffractometer used 
and the X-ray diffraction techniques employed. Thus-case 1a 
is an example where a substantial decrease in the dispersion 
occurs without an cbservable increase in the Pt crystallinity. 
Where increased Pt crystallinity is indicated by increased X- 
ray line intensity. .Distribution 1d represents what may happen 
to a real Pt catalyst when sintered in oxygen. Here part of 
the initial 800 Pt particles have formed 1 large crystallite 
20-7 nm in diameter with a fraction of the metal, 28.9%, 
dispersed as Pt atoms so as to give the same dispersion as in 
Tae In this case however the X-ray diffraction line intensity 
is 400.7 times that for the INITIAL case. Case 14 is an 
example where decreases in dispersion may be followed by 
increased X-ray ee ae line intensity. The other cases 
presented in Table 4.1 further illustrate the point that large 
variations in X-ray intensity can occur for catalysts having 
the same metal loading and dispersion, but different 


crystallite size distributions. 


The diffraction data for the iridium catalyst in Figure 
3.3 and the X-ray data of Chahar (28) for iridium on alumina 
show qualitatively the same results as those just discussed 
for Pt. As such an /Axvidium ‘surface complexe teal Olu fr could 
be postulated to explain the low hydrogen uptake and the lack 
of bepecedar of large crystallites when the catalyst is 


Sintered at high temperatures in hydrogen. As in the case of 


Pt, the surface complex formation is not necessarily needed to 
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explain the results.. 


The X-ray diffraction data for the Pt/Ir bimetallic 
Catalyst is given in Figure 3.4. As one might expect the same 
qualitative differences in the diffraction Hatton eine eee 
Sintering in oxygen and hydrogen were observed as those 


observed for the Pt and the Ir catalysts, 


The X-ray diffraction data for the bimetallic Pty/¥W 
catalyst is given in Figure 3.5. In this case no large Pt 
crystallite formation was indicated after the catalyst was 
Sintered in hydrogen for 1 h at 800 °C. The relative uptake 
for the catalyst was low (RU=0.28). “Again at is possible ‘to 
postulate a surface complex formed between the Pt and the 
alumina support. For the bimetallic Pt/W catalyst sintered in 
oxygen at 600) "OG tor it; the X~ray data showed no appreciable 
decrease in dispersion nor any appreciable increase in 
dispersion. the hydrogen uptake measurements did indicate, 


however, a large redispersion of the metal. 


In order to investigate the possible formation of the 


Pt-Al0, complex a series of experiments were carried out. 
— 


These experiments are outlined in Table 4.2. Dautzenberg and 


Wolters proposed that the Pt-Al Surface compound would be 


2 3-x 
sensitive to oxygen in that: 


Pie Al Oe te Osos Pte A1,0, (4. 3) 


Therefore treating a previously reduced Pt/ Al,0, catalyst 
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Special Sintering Treatments for Pt and Ir Catalysts 


Run # 


283 


284 


Z55 


286 


269 


290 
291 
292 


293 


294 


Zo5 


296 


Treatment 


The initial dispersion was measured on 
a fresh Ir catalyst sample uSing the 
normal procedure. 


A repeat adsorption measurement on the 
Ir sample in run 283. 


The iridium catalyst was sintered in. 
oxygen for 16 h at 300%. It was then 
reduced in hydrogen at 300° for 1h and 
then purged with nitrogen at 300% for 

2 hand) 2amore (h at.500.G. 


Repeat adsorption measurement on run 285 
with just a 2 h nitrogen purge at 500%. 


The initial dispersion was measured 
folsawtbesh li catal ystiusamp ile using the 
hormMal procedure. 


A repeat of the adsorption measurement of 
cron 289. 


The Ir sample was sintered in hydrogen 
for idGeheat 650.c5 


The Ir sample from run 291 was sintered in 


oxygen for 1h at 300%. It was then reduced 
in hydrogen for 1 h at 300% and then purged 


with nitrogen for 2 h at 500%. 


The sample from 292 was treated for 1h in 
hydrogen at 500°C and then purged with 
hitrogen for 2 bvat!500 °c. 


The sample in 293 was purged with nitrogen 
for. 2 heat. 500i.) . 


The initial dispersion was measured ona 
fresh Pt catalyst using the normal 
procedure. 


A repeat adsorption on run 295 was made. 


H/M 


0.467 


0.590 


0.456 


0.239 


0.413 


0.399 
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Table 4.2 cont'd 


Run # Treatment H/M 
297i The Pt sample was sintered in oxygen for 

16 h at 406%. It was then reduced in 

hydrogen for 1 h at 400% followed bya 0.523 


1 172 h nitrogen purge at 400% and a 
1 h nitrogen purge at 500%, 


298 A repeat uptake measurement was done by 0.513 
purging the sample in run 298 with hitrogen 
fore2 heatie500ec. 


299 The sample in run 298 was reduced in 
hydrogen at 500°C for 1h and then purged 0.454 
for 2h with» nitrogen at 500 °c. 
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in oxygen should increase the measured H/Pt. They observed 
that the /H7Pt .for.a catalyst treated in hydrogen could be 
returned to almost the same H/Pt for the fresh catalyst after 
5 oxidation/reduction treatment cycles. Our oxidation results 
were somewhat inconclusive. Runs 295-299 in Table 4.2 outline 
an experiment where a sample of the 1#Pt/Alon catalyst was 
pretreated in the normal fashion in hydrogen at 500 °C and 
then treated in oxygen at 400 °C for 16 h. The Catalyst was 
reduced at 400 °C for 1h and then purged with nitrogen. It 
was thought that the oxygen treatment followed by the low 
temperature reduction would result in the gehneraticn of more 
available Pt metal for hydrogen chemisorption. The relative 
uptake of 1.27 was comparable to the relative uptake of 1.22 
eoana using the normal treatment methods. No large increase 
in the H/Pt was cbserved. There was a 12% drop in the uptake 
-after the Sample was treated for 1 h in hydrogen at 500 °c, 
This may have indicated Boas ee formation; however this 
decrease may also be attributed to the normal decrease 
(although somewhat high) observed for the second hydrogen 
adsorption measurement. The lack of increase in H/Pt after 
the low temperature oxidation indicates that either there was 
no formation of PteAl 0. y Or reaction (4.3) did not proceed 
to an appreciable exent under the conditions of the oxidation 
treatment. Runs 283-286 in Table 4.2 outline a series of 
Similar experiments for the Ir catalyst. The oxidation 
temperature had to be even lower than that used in the Pt 
experiments in order to avoid the complication of heavily 


sintering the Ir. In this case the RU under the Special 
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treatment (at 300 °C for 16 h in oxygen) was 1.23 compared to 
a RU of 1.22 under normal treatment conditions. Again there 
is no indication of formaticn of a surface complex. Runs 289- 
294 showed a 48% increase in the H/Ir for a sample treated in 
oxygen at 300 °C for 1h which had been previously treated in 
hydrogen at 650 °C for 16 h. Assuming that the percent 
redispersion of the Ir catalyst from run 291 would be about 
the same as that for a fresh catalyst treated in oxygen for 1 
h at 300 °C, the 48% increase is Significant (i.e. compared to 
the 18% increase normally observed - see exp. 1 Table B-1). 

It was also observed that when the Sample was reduced in 
hydrogen at 500 °C for 1h the uptake dropped by 48%. The 
results from runs 289-294 tend to Support the existence of 
Perret one (4.2) and (4.3) for Ir. This conclusicn differs 
from the conclusions drawn from the other runs in Table 4.2. 
“AS such the results of runs 289 - 294 appear to be anomalous 


and repeat experiments should be done. 


In summary the X-ray diffraction data for the Pt catalyst 
Sintered in oxygen and sintered in hydrogen confirm the X-ray 
findings of Dautzenberg and Wolters. Similar results were 
found for the Ir catalyst and the Pt/Ir bimetallic catalyst. 
The chemisorption experiments were inconclusive in proving or 
disproving the theory of a surface reaction between Pt or Ir 
and alumina. It was found that a more conventional 
explanation could explain the X-ray and chemisorption data 


without the need for a non-hydrogen adsorbing surface complex. 
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4.4.3 Changes in Crystallite Size 


The usual cause of decreased hydrogen adsorption is metal 
Sintering. As the metal crystallites increase in size more 
and more metal becomes incorporated into the bulk of the 
crystal leaving smaller numbers of metal atoms exposed at the 


surface, 


Essentially two mechanisms have been proposed to explain 
how the crystallites actually grow. Both theories are based 
on the same driving force, that is, the reduction of the 


overall surface free energy. 


One mechanism proposed by Ruckenstein and Pulvermacher 
(28) suggests that the crystallites travel over the surface of 
the support and coalesce to forn darge crystallites. This 


mechanism predicts a sintering rate law of the form: 


_-dS = Kss" C4.1] 


where: 

S=metal surface area 

t=tine 

Ks=experisrental constant 

h=exponent 
The value of n lies between 2 and 8 depending on whether the 
rate of fusion (particle sintering) or the rate of surface 
diffusion is rate controlling. The limitations of the model 
are that exponent values outside the 2 and 8 have been 


observed (29). Aliso this model does not explain redispersion 
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of the metal. 


Another mechanisna proposed by Flynn and Wanke (2), 
Suggests that atoms leave the surface of one crystallite, 
travel across the surface of the Support and are captured by 
another crystallite. Their rate equation is based on the 


continuity equation: 


net growth of a particle = 
rate of gain of atoms on the surface - [ 4.2] 


rate of loss of atoms on the surface 


The rate of loss of metal atoms is dependent on the energy 
barrier for an atom to cross from the crystal surface to the 
Support surface. The rate of gain of metal depends on a 
‘Sticking coefficient, the number of migrating metal species on 
the surface and the diameter of the crystallite. The 
advantage of the Flynn and Wanke model is that it predicts 
values of exponent in eguation [4.1] outside the 2-8 range. 

It also predicts the possibilty of metal redispersion and also 
allows for the interactions due to the support and the 


atmosphere in the rate of sintering. 


Wynblatt and Gjostein (30) have derived a set of their 
Own equations that not only account for surface diffusion but 


also for vapour phase transport. 
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Sou Summary 


It has been stated that lower hydrogen uptake can occur 


due to: 


1. entrapment of metal particles due to support 


Sintering and/or Support crystallization; 


2. formation of a surface complex which makes the metal 


inaccessible to hydrogen; 
3-. increased average crystallite ‘size. 


From the BET measurements it was found that the Alon 
surface area changed only Slightly even after treatment at 
G00 °C .for 16 hh. The X-ray diffraction data showed that there 


waS no observable change in the Support crystallinity. 


impregnation cf Alon with ammoniun metatungstate resulted 
in the formation of a irreducible, non-hydrogen adsorbing 
Surface complex. The surface complex is thought te be 
Al, (WO,) 3 e The X-ray data for the platinum, iridium and 
bimetallic Pt/Ir catalysts sintered in oxygen, show the 
formation cf large crystallites at increased Sintering 
temperatures. The X-ray data for Catalysts sintered in 
hy drogen Showed no formation of large crystallites ever after 
Sintering at 800 °C for 16 h. The xA>eay, Gab Eractyon data aid 
hot unambiguously prove the existence of a Pt or Ir surface 
complex as suggested by Dautzenberg and Wolters. A series of 
special sintering experiments were inconclusive in 


demonstrating the existence of these surface conplexes. 
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It is believed that the main cause of reduced hydrogen 
uptake in the sintering experiments was due to an increase in 
the average metal crystallite size. Most likely the sintering 


occurs by the atomic migration model. 


er re gi. 


4.5 The Monometallic Catalysts 


The thermal stabilities of monometallic 1%Pt, 1%Ir and 
1%W on Alon were investigated for two reasons. The first was 
SO a Comparison could be made between the thermal stabilities 
of the monometallic catalysts and the thermal Stabilities of 
the bimetallic and mechanical mixtures, and second, very 
little has been published on the thermal stabilities of these 
monometallic catalysts. (A good deal has been published for 


Pt however not using Alon asa Support.) 


The sintering curves for the monometallic Pt and Ir 
Catalysts are given in Figures 4.1-4.4. The relative or 
‘normalized! uptakes were plotted as a function of the 
Sintering time and the sintering temperature for each of the 
sintering atmospheres. The data for the plots were taken fron 
Tables 3.1 and 3.2. Note that there was no observable 


hydrogen adsorption on the W catalyst. 


4.5.1 Supported Platinum 


The thermal stability of 1%Pt/Alon in hydrogen is given 
in Figures 4.1 and 4.2. The figures show that the hydrogen 
uptake decreased monotonically with sintering time and 


sintering temperature. As a comparison, the relative 
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Figure 4.1: Effect of thermal treatment for 1h 
in hydrogen on the normalized uptake 
for 1%Pt/Alon and 1%Ir/Alon 
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Pigure: 4.2: Eifect, of thersel wtweatment fon) 16h 
in hydrogen on the normalized uptake 
for 1%Pt/Alon and 1%Ir/Alon 
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Figure 4.3: Effect of thermal treatment for 1h 
in oxygen on the normalized uptake 
for 14Pt/Alon and 1%1r/Alon 
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uptake was 0.83 and 0.59 at 650 and 800 °c respectively after 
1 h sintering. After 16h the uptakes at 650 and 800 °C were 
0.60 and 0.28. The decreases in RU are attributed toa 


reduction in the metal surface area. 


The thermal stability of 1%PtyAlon in oxygen is shown in 
Figures 4.3 and 4.4. The Stability of Pt in oxygen is much 
less than the stability in hydrogen. It was found that at 
temperatures >600 °C the relative uptake rapidly decreased. 
This decrease, increased with sintering time and temperature. 
It was also observed for the Pt catalyst that between 400 and 
600 °C a RU > 1.00 occured. This is attributed tora 
redispersion of the metal. A maximum RU of 2211 was observed 


after sintering the catalyst in Oxygen for 16)h, at 500 °c. 


Similar results for the Sintering of Pt on alumina have 
been found by others (14,15,31). Chahar (32)) inv his studies 
With 2%Pt/Kaiser alumina and Engelhard commmercial 
0.54Pt/alumina catalyst found somewhat greater Stabiiirty-of Pt 
in hydrogen and somewhat less redispersion in oxygen. Chahar 
found a maximum redispersion in oxygen at 550 °C and little 
difference in the amount of redispersion after 1, 4 and 16 h. 
Differences between Chahar's results and those for the 
14Pt/Alon can be attributed to the use of different alumina 
supports; different initial metal dispersions and metal 
Joadings; and slightly different methods used for Sintering 


the catalysts. 


Fiedorow and Wanke (14) have also reported the 


redispersion of supported Pt in oxygen. They explain the 
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redispersion in terms of atomic migration on the support. 
According to the theory, in the initial Stages of sintering a 
number of migrating surface species (possibly Pt0,) accumulate 
on the support. If, during this time of enhanced higration 
the catalyst is cocled, the surface species remain as small 
clusters and the total metal surface area is increased. 
Fiedorow and Wanke suggest that at temperatures <600 °C 
migrating oxide species are formed while at temperatures above 
600 °C the oxide decomposes into Pt and Oxygen gasses, The Pt 
atoms are highly mobile and are captured by the large 
crystallites. This explains the rapid Sintering of) Pt in 


oxygen at temperatures >600 °C. 


In hydrogen the sintering of the metal is the result of 


Simple atom transport (perhaps as Pt-ll) across the support. 


4.5.2 Supported Iridiyn 


The thermal stability of 1%Ir/Alon in hydrogen is shown 
in Figures 4.1 and 4.2. The curves are similar to those for 
Pt except, as the figures show, Ir is more thermally stable 
than Pt, especially at 800 9C. The sintering curves for Ir in 
oxygen are given in Figures 4.3 and 4.4. Some redispersion of 
the Ir occured at 300° °C (18% increase atter th and a 22% 
increase H/M after 16 h); however at higher temeperatures the 
Ir sintered very rapidly. After treatment at 500 and 600 Oc 
the metal had lost most of its surface area. Ir was much less 


thermally stable in oxygen than Pt. 


The findings cf Chahar (27) for the thermal stability of 
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Ir/alunina catalysts were somewhat different than the findings 
presented here for 1%Ir/Alon. Chahar found greater thermal. 
Stability in hydrogen for 2%Ir/Kaiser alumina. In oxygen, 
Chahar found a maximum redispersion of 18% occured at 400 °C 
after ths For longer Sintering times at 400 °C the 
dispersion decreased markedly. Chahar also noticed guite a 
rapid drop in the the dispersion at temperatures >500 °C. The 
Variations between Chahar's results and the results for the 
AIr/Alon were likely due to the different Supports, the 
different initial metal dispersions and metal loadings and 


differences in experimental technique. 


An explanation cf the increased thermal Stability *is# 
hydrogen of Ir compared to Pt can be found using the atomic 
ren theory. «in crder for surface metal atoms to jump 
from the surface of the crystal to the Support they must cross 
an energy barrier at the crystallite surface. The required 
energy will be proportional to the heat of sublimation 
(assuming that interactions between the metal and the support 
and between the metal and the hydrogen environment have 
roughly the same effect on the heats of sublimaticn for Pt and 
Ir}. The heats of sublimation for Ir and Pt are 692 and st | 
kJ/mole respectively (33). Thus the increased thermal 
Stability of Ir can be correlated to its higher heat of 
sublimation. Correlations between the heat of sublimation and 
metal thermal stability in hydrogen have been reported by 


others (34). 


The sintering mechanism for Ir in oxygen is likely 
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Similan to, that, for Pt. A mobAle iridiun oxide species that 
decomposes to the metal plus oxygen eae) at temperatures 
> 500 9%C, could account for the redispersion and the rapid 
Sintering. Enhanced sintering rates of Ir compared to Pt in 
oxygen may also have been due to vapour phase transport of the 
Ir as a volatile oxide. Evidence of Vapour phase transport 
lies in the fact that the vapour pressure of iridium oxides 
are relatively high (35). Also it was observed that when a 
sample of 1%Ir/Alon was sintered in oxygen at 800 79C for, 16 hb, 
a black film was deposited on the walls of the sample holder 


just outside the furnace. This film was believed to be Ir 09. 


Wynblatt and Gjostein (34) have correlated the thermal 
stability of several metals including Pt and If in oxygen, to 
fhe heats of formation of the metal oxides. They state that 
the increased exothermicity of metal oxide formation 
correlates to decreased thermal Stapidlity.s1t can be 
concluded in this case that the sintering of the metals is by 


metal oxide species. 


McVicker et al. (36) have recently studied the 
redispersion of iridium on alumina in oxygen. For a 
#icr/falumina catalyst they found an initial H/M ratio in 
excess of 1. They attributed this to hydrogen spillover 
and/or the possiblity of multiple hydrogen bonding of hydrogen 
on the corner and edge atoms. McVicker et al. found that Ir 
dispersion rapidly decreased with length of Sintering time. 
McVicker et al. sintered the catalysts at temperatures greater 


than 500 °C and did not observe any redispersion. 
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Ga5s3 Supported Tungsten 


It was thought that the more refractory nature of 
tungsten and its high heat of sublimation (846 kJ/mole (33)) 
would produce a su pported catalyst with even greater thermal 
Stability in hydrogen than that for Ire Ammoniun 
netatungstate Was used ts impregnate the catalyst but, it was 
found that upon reduction of the impregnated catalyst, a 
surface complex formed which was irreducible in hydrogen and 
did not adsorb hydrogen. The catalyst was prepared by the 


standard techniques to ensure consistency in preparation. 


4.6 The Bimetallic Catalysts 


There are several features of bimetallic catalysts which 
make them harder to prepare and harder to characterize. 
Fi Esty, impregnating the suppeat with different metal salts can 
result in uneven metal distribution, especially if one metal 
ion is more strongly adsorbed by the support than the other 
(19,37, 38). Second, the metals may form alloyed crystallites 
or the metals may remain segregated on the Support surface. 
Third, an immiscibility gap can result in formation of metal 
crystallites with varying compositions. Fourth, there can be 
enrichment of one gretal at the surface of the crystailite due 
to differences in the surface free energy of the metals. 
Fifth, the surface composition of the crystallite can also 
depend on the surrounding environment including interaction 


with the support and the atmosphere. 


In this section the thermal stability of bimetallic 


cee 2h bu ietes Ree hos Pat ee eet ag we tdaeasont | 


} taal , 4 
; } ma my ae, ' bi 
vee | 4 ; oO Sar 
i. 


Va eLtucag 4 ectleine & a 8, oy ( aogt " : “ 
(AEE) oluar cd: VEG Hei bbneck ston aw weit o08 ae a 
A \) 

I cHhan 7 “ate srely. abe “ht bas 2 oy ipipte: Bs meats a sy 


SAA bd 


ea oes Sten CaN LRA Rs BP oe et a‘ Ba ema sav 


PEN Conte Dee eer te ‘abe ae 7 ur on wegitd 


Gor Pe 0 * Ds ie big ‘ . “ + - J i cat wal ee £ 2. a ay 7 henge salgany 
® hae Oy RR ef ; 
=) Pa Ye Yay eyo i re M ne , Ay sD on i : deyosiboen dyexbe 9 
| ee oP Le ee ‘ 2 fed es . P i ws cl yi ¥  naeptatye | 


yi % 


WY prt | 2RS ae liessd be) bo ou attie ; Laoag ate et 
’ eee a We, Oar ort hat CPS Se vi xy: badd atte. ee 


[ feo 6. ti Wkiatesiag ‘fi i yneky inal Shatin qaveae th ah 
Selo reg)’ ane ’ 4 Hi or ; rah ae age dippatees e188 4 
se? cig 2tuyis oeyorls A ea), ba i eye mre. pr ere . . weg 
' Jp) be tapeciiem ‘Wks od wheat Sel 


LA toe serra eeche ty 3 Vinson ie aa r tad, wh uh 


Poet. 


gupiiitue tron 


at) 


ar 


ak gem 2rott..diarcs. cam etheonecas pery tad nie wort ae) 
. | ? “> te I 


Bye S27 PI Lds 215 id nan irene ix 2 te te nna to o4 


as . cm | 
‘ . a 
‘ 


SLAPS eri ‘ to. (oa wey ate? soe laa “= at © 4 ait bet 
win Wns oles eesti en? “ee ame obs ‘a9 aha ink ane 
WG 'SoesH! oo. ii Beton’ Aeeears thde Poloe rapt one go Banged: na. 
OP es: Me ae wna sxeguue cae iv 


4 ’ 7 i pete: 2 i) Ay ' 


iN Rt eM oY 2h) ee 


65 


HPt/ihir and bimetallic 1%Pt/1%W Supported on Alon is 


discussed. 


An insight into the composition of the metal crystallites 
and the reasons for their sintering behaviour was panned by 
comparing the thermal stabilities of the monometallic and 
mechanical mixtures of the monometallic catalysts with the 


thermal stabilities of the bimetallic catalysts. 


The thermal stability curves for bimetallic Pt/fir and 
bimetallic Pty/W supported on Alon are given in Figures 4.5- 
4.12... The thermal stabilities of 50/50 wt.% mixtures of the 
monometallic catalysts are also given in the figures as well 
as the acithmetic average of the Pt and Ir Sintering curves 
(lee. (Ptt+Ir)/2). The relative uptake was plotted as a 
function of the sintering time and Sintering temperature for 
each of the sintering atmospheres. The relative uptake data 


for the figures were taken from Tables 3.1-3.4. 


4.6.1 Supported Bimetallic Pt7ic) Catalysts 


The thermal stabilities of the bimetallic PtyIr catalyst 
and the mechanical mixtures of Pt and Ir monometallic 
catalysts in hydrogen are shown in Figures 4.5 and 4.6. The 
thermal stability for both catalysts decreased onecon icity 
with increased sintering temperature and increased Sintering 


time. 


It was found that the thermal stability of the bimetallic 


Pt/Ir catalyst was essentially the same as the thermal 
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Figure 4.9: Effect of thermal treatment for 16 h 
in oxygen on the normalized uptake 
for 14Pt/i%Ir/Alon and a 50/50 
mechanical mixture of 1%Pt/Alon 
and 1%4ir/Alon. 
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Figure 4,10: 


Effect cf thermal treatment for Th 
in hydrogen on the normalized uptake 
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50/50 mechanical mixture of 
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Figure 4,11: Effect of thermal treatment for 1 h and 
16 h in hydrogen on the normalized uptake 
for 14Pt/Alon and a 50750 mechanical 
mixture of 1%Pt/Alon and 1mW/ Alon 
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Stability of the nonometallic Ir catalyst (see Figure 4.7). 

It was surprising that the Pt in the bimetallic catalyst 
seemed to have no effect on the sintering and that the rate of 
Sintering was controlled by the presence of the Ir. These 
results show that there was a strong interaction between the 
Pt and the Ir in the bimetallic catalyst. Recently Ramswaay 
et al. (39) looked at the role of Ir in Stabiiizinggthesmetal 
dispersion of Pt on alumina in hydrogen. He found for his 
Catalysts that there were no Significant differences between 
Th2s is 


the sintering rates of Pt/Al and Ptyiry/Al 


2°3 23° 
contrary to the findings of this study and also to the 


findings of Sinfelt (40) and Kozlov et al. (1) 5 


The thermal Stability of the mechanical mixture of the 
monometallic catalysts followed closely the arithmetic average 
of the Pt and Ir sintering curves. This indicated that in the 
mixture, the metals sintered independently of each other as 
one might expect if there is no long range metal transport or 


long range metal interactions. 


Figures 4.8 and 4.9 show the thermal stabilities of the 
bimetallic PtyIr and the mechanically mixed Pt and Ir 
Catalysts sintered in oxygen. Also included is the arithmetic 


average curve of the Pt and Ir sintering curves. 


Sintering for 1h in oxygen the bimetallic PtyiIr catalyst 
decreased in hydrogen uptake between 300 and 500 °C and then 
seems to level off between 500 and 600 °C. The Pt-Ir 
mechanical mixture sintered differently. The curve was 


different from that for the bimetallic catalyst and that for 
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the arithmetic average of the Pt and Ir sintering curves. 
This indicated that within the first hour of sintering there 
seemed to be some long range interaction between the metals in 
the mixture. There was certainly an interaction between the 
Pt and Ir metals on the bimetallic catalyst. “jAfter Sintering 
fOEC16 hiin oxygen, the bimetallic Pt/Ir and the Pt-Ir 
mechanical mixture had the same Shape of sintering curve as 
that for the arithmetic average of the Pt and Ir monometallic 
catalysts. The clcseness of the Sintering data for the 
mechanical mixture with that of the arithmetic average 
Suggests that the metals in the mechanical mixture sintered 
independently of each cther. The same general shape of the 
bimetallic would lead to the same conclusion that the metals 
Sintered independently. The displacement of the bimetallic 
curve could be explained by the heavier metal Loading ese. 2 


wt% compared to the 1 wt% for the monometallic catalysts)... 


The actual composition of the crystallites in the 
bimetallic PtyIr catalyst was not known. The Sintering data 
showed that there was an interaction between the Pt wander 
metals when the catalyst was sintered in hydrogen for 1 and 16 
hours and when sintered in oxygen for 1 hour. An interaction 
between the metals would be expected if the metals were 
alloyed in Chemce yocaen aes The existence of alloyed 
crystallites or ‘bimetallic clusters' has been reported for 
other metals by Sinfelt (42) and Garten (43). Sintering the 
bimetallic Pt/Ir catalyst in oxygen for 16 h indicates no 
interaction between the Pt and Ir and that the metals are 


segregated on the support surface and sinter independently of 
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each other... Segregated crystallite formation has been 
reported for Pt/Re (44). Segregation of Pt and Ir in the 
bimetallic catalyst could occur for two EeadSons:;) First (if “the 
metal ions were segregated on the Support during impregnation 
they might have been reduced in clusters of separated metal. 
second, the fact that there is an immiscibility gap for the 
Pt-Ir system would tend to rule ont complete miscibility of 
the two metals in the crystallites. The equilibrium phase 
diagram for the Pt-Ir system is shown in Fagurer §sats (45). and 
indicates the formation of two phases, one being essentially 


Ir and the other essentially Pt. 


Recently, Rasser (46) found evidence fcr the formation of 
alloyed Pt/Ir crystallites. He ceviewed the thermcdynamic 
data for the Pt-Ir system and found that the inmiscibility 
phase diagram is mcre complicated than previously reported. 
He found that for an atom free eiioa’ x, for Ir, separation into 
two phases with compositions of Pty 95 Ir o5 and Pt,Ir is 
expected for 0.05<x<0.25. For 0.25<x<0.99 the phase diagram 
predicts the formation of two phases, PtzIr and Pty o1 10.99 © 
Although the phase boundaries of the miscibility gap are 
_ dependent on the size of the bimetallic Pt/Ir crystallites 
(48, 49) it is likely the crystallites formed with two phases 
each having some Ir with the Pte (Since the bimetallic 
Catalystrin this study 50/50 Pt/ir, crystallites of Pt3Ir and 
Pto.o01 I¥9.99 Should have formed and by the lever rule (48) 
there should have been twice as much by wt. of the Pt,Ir 
phase than the Pty 01 ¥9.99 Phasee) The ways in which Ir could 


interact with Pt to affect the thermal stability of the Pt 
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in the bimetallic catalyst are: 


1. The presence of Ir could increase the activation 
energy required for an atecm to escape from the crystallite 


surface when sintered in hydrogen; 


Le The Ir could alter the formation of the mobile oxide 


species when sintering in oxygen; 


3. The growth of the crystallites should be governed by 
thermodynamic restrictions imposed on the crystallite 
composition; therefore, Ir transfer as well aS Pt. transfer as 


required. The transfer of Ir could be rate contrclling. 


Ge Depleticn of Pt from the crystallite surface would 
mean enrichment of the Ir. Since Ir has the higher surface 


free energy, this condition could also slow rate of sintering. 


Rasser notes that for small crystallites the actual 
composition of the crystallite may not hecessarily be the same 
as that predicted from the equilibrium phase diagram for the 


bulk metal. 


The sintering atmosphere can significantly affect the 
composition of the bimetallic crystallite (50). This could be 
a possible reason why arene Was apparently no interaction 
between the Pt and Ir when the bimetallic was sintered in 
oxygen for 16 h. In the preparation of the catalysts the 
crystallites were formed by the reduction of the metal salt in 
a hydrogen atmosphere. Sintering in oxygen may have caused a 


change in the crystallite composition (i.e. separation of the 
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phases into the individual metals). The changing composition 
may have been the reason for some interaction in the first 
hour of sintering in oxygen. After the initial Stages of 
Sintering the metals, Ir and Pt, appeared to sinter . 
independently (see the’ 16h in oxygen results). “The 
interaction observed for the mechanical mixture after 1h 
Sinter in oxygen was probably due to vapour phase transport of 


iridium oxide. 


42622 Supported Bimetallic PtyvW Catalysts 


enews a ore a Seamer ee eee 


The sintering curves for bimetallic 1%Pt/1%W and 
mechanical mixtures of 1%Pt and 1%W monometallic Catalyst are 
given in Figures Sed0r 42s eit as der iicuit to make 
meaningful comparisons of the results with those of the Pt 
catalyst and the Pt-W mechanical mixture because: one, the 
initial dispersions are so different; and two, hes is the 
possibility that the tungsten surface complex on the 
bimetallic Pt/W catalyst is not the same as the the complex on 
the monometallic W catalyst (51). Note that the average 
initial dispersion of the Pt-W mechanical mixture was 
approximately half that for the Pt monometallic catalyst (see 
Table 3.5). One would expect this for the mechanical mixture 
if the aaicmcrannte W catalyst does not adsorb hydrogen and if 
there are no interactions of the tungsten catalyst with the 
chemisorptive properties of the Pt catalyst. Figure 4.10 
shows that the addition of W did not stabilize the thermal 
Stabuiity of tha Ptrasithe iirvhad done.: In ‘fact after toh an 
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catalyst than it was for the monometallic Pt catalyst. The 
figure also shows that for the Pt-W mechanical mixture there 
appeared to be some interaction between the Pt and the W 
catalysts. This can be concluded from the fact that, the 
sintering curve for the Pt-W mechanical mixture Should be the 
Same as the monometallic Pt catalyst assuming the W catalyst 
in the mixture neither adsorbs hydrogen nor affects the 
chemisorptive properties of the Pt Catalyst. No. dinteractson 
between the Pt and W was found when the mixture was sintered 


for 16 h in hydrogen (see Figure 4.11). 


Figure 4.12 gives the thermal Stability curve for the 
bimetallic PtyW and the mechanically mixed Pt and W 
monometallic catalysts sintered in oxygen for 1h. In this 
oe the sintering of the mechanical mixture was close to the 
Sintering of the Pt monometallic catalyst and indicates no 
interaction in the sintering of the Pt and We. The bimetallic 
catalyst shows substantial redispersion between 500 and 


700 °C. 


Similar results have been observed by Ioffe and co- 
workers (52). Ioffe prepared two catalysts; 4.2% W/2. 9% Pt 
(Cate 1) and 6% W/3% Pt (cat.2) by impregnating silica with 
solutions of Cecrakie=(uethet ier angeecen and bis-1- 
methallylplatinum After a 600 °C reduction cat.1 had an H/M 
OL 0.3 and Cat. 2.had’ an H/MtOL.0. 12. The 14W/1%Pt/alumina 
catalyst in this study had a H/M of 0.067. From X-ray 
diffraction, Ioffe concluded that although the H/M was low the 


X-ray data did not indicate the formation of large 
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erystailitess* "This is in agreement with our X-ray results. 
Ioffe concluded from his studies the Pt was actually highly 
dispersed. He mentions nothing as to the actual state of the 
W on the support but does give two explanations for the 
observed ant iuence of the W on the hydrogen uptake of Pt: one, 
the tungsten could modify the surface of the Pt crystallites 
thus modifying the adsorption properties of the Pts) and -iwo, 
an interaction could occur between clusters of Pt atoms and 
low valent ions of W bound to the support thus affecting the 


adsorption properties of the Pt. 


Preparation of Pt/W supported bimetallic catalysts have 
been reported by others (53); however no mention is made as 


whether the W had been reduced to the metallic state or not. 


The role of W (likely aS a surface complex) in the 
Sintering mechanism is net clear. It is probable that the 
tungsten plays a bigger role in altering the adsorrtion 
properties of Pt than in affecting how it sinters. This is 
also indicated from the observation that the secoad hydrogen 
adsorption uptake was usually greater than the first uptake. 
This is opposite to the results found for the platinum and 


iridiun catalysts (see Table 3.6). 


It is likely that the large hydrogen uptakes found for 
the bimetallic Pt/W catalyst sintered in oxygen were not due 
to substantial redispersion but rather due to decreased 
interference of the tungsten complex with the adsorption 
properties of the Pt. How the oxygen environment affects the 


tungsten surface complex and the adsorptive properties of the 
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Pt is Mot? Known. 


4.7 Summary of the Sintering Behaviour of the Catalysts 


A qualitative comparison of monometallic Sintering 
behaviour of the 1%Pt, 1%Ir and 1%W Supported on Alon and 


bimetallic 14Pty1%Ir, 1%Pt/1%w Supported on Alon was made. 


The sintering results for the Pt and Ir monometallic 
catalysts were similar to results published in the literature. 
The Ir catalyst had greater thermal Stability in hydrogen than 
the Pt catalyst. The Pt catalyst had better thermal Stabidity 
and greater redispersicn in oxygen than did the Ir catalyst. 
The W monometaliic catalyst did not adsorb hydrogen. The W on 


the Alon support could not be reduced to the metal. 


The bimetallic PtyIr catalyst had the same thermal 
Stability as the Ir catalyst when sintered in hydrogen. This 
indicated an interaction between the Pt and the Ir which 
affected the sintering Bonevwane of the bimetallic catalyst. 
The mechanical mixture of 50% Pt monometallic and 50% Ir 
monometallic catalyst showed that the metals in the nixture 
Sintered independently in the yanncen atmosphere. In oxygen 
the Pt/Ir bimetallic catalyst was less thermally stable than 
in hydrogen. There was interaction between the Pt and Ir on 
the bimetallic catalyst in the first hour of sintering in 
oxygen, There appeared to be no interaction between the 
metals when the catalyst was sintered for 16 h in oxygen. The 
Pt-Ir mechanical mixture showed some interaction between the 


Pt and Ir when sintered in oxygen. 
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A meaningful comparison of the Sintering behaviour of the 
Pt/W bimetallic catalyst with the monometallic Pt catalyst was 
difficult due to the large differences in the initial 


dispersions of the two catalysts. 


The presence of W in the bimetallic Catalyst did not 
appear to increase the stability of the Pt. Comparison of the 
results of the bimetallic Ptyw Catalyst with the results for 
Pele ecu mechanical mixture indicated that an interaction 
between the Pt and W on the bimetallic catalyst affected the 
rate of sintering of the catalyst. It was felt that the 
presence of the W as a surface complex had a greater effect on 
the chemisorptive properties of the Pt than on the rate of 


Sintering. | 
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CHAPTER 5 


CONCLUSIONS 


1. The thermal stability sequence for catalysts sintered 


in hydrogen is: 1%Pt/Alon < 1%Ir/Alon = 1%Pt/1%Ir/Alon. 


2. i%Pt/Alon showed a maximum redispersion in oxygen at 


BUOsSC. 


3. The thermal stability of 1%PtyAlon is greater than 


that for 1%Ir/Alon for sintering in oxygen. 


4. Interactions between Pt and Ir on the bimetallic 
catalyst were found to influence the sintering rate of the 
metals in hydrogen and for 1h Sintering in oxygen. No 
interaction between the metals was found when the gue haaiic 


catalyst was sintered in oxygen for 16 h.p 


Se X-ray diffraction data showed the Gor paxied of large 
metal crystallites when the monometallic Pt and Ir catalysts 
and the bimetallic Pt/Ir catalyst were sintered in oxygen at 
>600 °C. No large crystallite formation occurred when the 
catalysts were sintered in hydrogen at 800 °C for 16h 


although the hydrogen uptakes were low. 


6. Special sintering experiments were inconclusive in 
proving the existence cf non-hydrogen adsorbing Pt and Ir 


surface complexes on Alon. 


7. ‘he W monometallic catalyst prepared by impregnation 
of Alon with ammonium metatungstate did not adsorb hydrogen. 


This was due to the W reacting with the alumina support. 
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8. A maximum relative uptake of 2.56 after Sintering in 


oxygen occurred at 600 °C for the Pt/W bimetallic catalyst. 


9. The presence of tungsten in the 1%Pt/1%W bimetallic 


catalyst did net increase the thermal stability of the Pt. 


10. An interaction between the Pt and W on the 
bimetaliic PtyW catalyst was observed in both oxygen and 
hydrogen sintering atmospheres. It is believed that the 


tungsten affected the chemisorptive properties of the Pos 


11. BET measurements showed that no appreciable surface 
area changes of the Alon support occured during the sintering 
experiments. X-ray diffraction studies showed that there was 


ho appreciable increase in the support crystallinity. 


12. The results suggest an atomic migration model for 
crystallite growth. In oxygen the migrating species are 
oxides. Migration of the oxide species occured by transport 
across the support surface. There is also some evidence, at 


least for Ir, of vapour phase metal transport. 
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CHAPTER 6 


RECOMMENDATIONS 


Based on the findings of this Study further investigation 


is required in the following areas: 


1. Unambiguous results are required to establish whether 
or not Pt forms a non-hydrogen adsorbing complex with Alon 


during treatment in hydrogen. 


2. Experiments should be carried out to Clarify the 
reason for the observed differences in the first and second 


hydrogen uptake measurements. 


32 A study should be made on the effect of varying metal 
composition in the bimetallic catalysts especially for the 


Pt/Ir catalyst with Pt concentrations > 15% 


4. The effect of metallic tungsten on the thermal 
Stability of Pt should be studied on a support that does not 


react with the tungsten. 
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APPENDIX A 


A~1.1 Intro@uction 


In this appendix the method used to calibrate the sample 
loops on the gas sample valve is described. Alsc a sample 
dispersion calculation and a Sample BET surface area 


measurement calculation is presented. 


A-1.2 Calibration cf Sample Loop 


The metal dispersion (or H/M) of the catalysts used in 
this study was found by hydrogen chemisorption. The amount of 
hydrogen chemisorbed WaS measured using the dynamic flow 
adsorption method. This method used two Sample 
loops(designated loop? and loop2) on a gas sample valve to 
inject hydrogen into a nitrogen carrier stream which purged 
through the catalyst bed. In order to calculate the 
dispersion the number of moles of hydrogen contained in the 
Sample loops had to be determined. The method used here Was 
to inject known volumes of hydrogen using a gas syringe and 
then compare the T.C. cell response to that when hydrogen was 


injected by the gas sample valve. 


The experimental equipment was made ready as if an actual 
catalyst sample was being run except that no catalyst was 
placed in the sample hclder. A syringe injection port was 
positioned in line immediately down stream fron the gas sample 
Valve. The placement of the port right after the valve was 


necessary so as to give the same broadening of the peak fron 
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the syringe injected hydrogen pulse as one normally observes 


using the sample valve. 


A 1 cc gas-tight syringe (Hamilton Co. Inc. Whittier 
Calf., Gastight #1001) was used to inject hydrogen. The 
syringe Was calibrated using water. The Syringe was weighed 
empty and with volumes of 0.2, 0.4 and 0.5 cc of water. The 
average water temperature was 21.7 °C and the density was 
ae as 0.997837 gycc (54). The calibrated volumes are given 


in fable 1 oad aaa 


After the syringe was calibrated samples of hydrogen were 
drawn froma gas sampling bulb which had been flushed and 
filled with hydrogen. The side-arm of the bulb was fitted 
with a septun for syringe sampling. Volumes of 0.2, 0.4 and 
0.5 cc of hydrogen were injected several times. The peaks and 
their areas were recorded on the H.P. 3380A integrator. The 
results are shown in Table A-1.2. The injection port was 
removed from the line and pulses of hydrogen were injected 
using the gas sample valve. The areas of these peaks are 


given in Table A-1.3. 


The moles of hydrogen injected by the syringe were found 
by adjusting the actual Pomme (from ,.Table A-1.1) to STP 
uSing the ambient penteraiee and pressure recorded in Table 
A-1.2. As a matter of preference the volume of hydrogen at 
STP was used rather than converting it to a mole quantity. 
The conversion can be readily done by assuming ideal gas 


behaviour so that 1 mole of gas = 22414 cc. The actual 
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Table A~1,1 


Syringe Calibration 


Syringe Vol. 
in-nl1s. . 


0.5 


AVG.= 


AVG.= 


Ht. of Water 
in gms. 


0.4006 


ee ee ee 


02199 


Actual Vol. 
in mls, * 


0.5024 


0.4005 


0.1996 
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* The temperature of the water was 21.7° for which 
the density is 0.997837) grams/uis. 
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Table A-1.2 ° 


Calibration of Peak Areas 


Syringe Vol. Area in 
in mls, * | ‘counts! ** 


0.5 2626452 
2619957 
2626431 


0.4% 2113052 
2098975 
2117670 
2121835 
2117927 


0.2 j 1043539 
1067950 
1069812 
bOPI235 
1078462 
1079559 


* The temperature and pressure of the hydrogen in the 
Syringe was taken as 298.15 K and 695.7 mmHg. 


e+ The T.C.. bridge current wasei50 wa 
and the power supply sensitivity was 2. 
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Table A-1.3 


Sample Loop Size 


Loop 1 Loop 2 
Area in Area in 
‘counts! ‘counts? 
2194792 2147786 
2194768 2149634 
2195873 2148378 
2197263 2150950 
2219516 2156805 
2217845 2169699 
2162043 2126329 
2173328 2130646 
2153590 2130416 
2178224 2161394 
2210431 

- AVG. 2190698 AVG.= 2147204 
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volumes at STP injected by the Syringe and each of the areas 
in Table A~1.2 were fitted by linear least squares to the 


equation: 


VOLUME OF H, CateuSTP)> =" b X AREA {A-1] 


were b is the slope. The slope was found to be 1.5926x10-7 


cc/count. 


The average sample loop areas from Table A-1.3 were used 
in eguation [A-1] to calculate the volume of hydrogen in the 
loops. These results are given in Table A-1.4. In order to 
use equation [A-1] to calculate the volume of hydrogen in the 
Sample loops the assumrtion was made that molar response of 
the T.C. cell was the same for the hydrogen injected by the 
Syringe as it was for the hydrogen injected by the gas sample 


valve, 


The volume of the two sample loops were not exactly the 
Same. Loop was 1.96% larger than loop2. To facilitate the 
calculation of the dispersion the two sample lcor volumes were 
averaged. The volume of one pulse of hydrogen from the gas 


Sample valve was taken as 0.345 cc of hydrogen at STP. 


It should be noted here that the moles of hydrogen in the 
Sample loops is dependent on the hydrogen temperature and 
pressure in the loops. In order to calibrate the loops it was 
assumed that the temperature and pressure in the loops were 
always constant. The assumption for the pressure was probably 


good. The pressure in the loops is dependent on the 
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Table A-1.4 


Saple Loop Calibration 


Equation [A-1] 


VOLUME OF H, (at SPP) =) TI5926 “X10- 7: AREA {A-1] 
Avg. Area VOL. of {at STP) 
(ance). 
Loop 1 2190698 0.3490 
Loop 2 2147204 0.3420 
Avge. = 0.3455 


Avg. loop volume Volume at STP = 0.345 cc 
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hy drogen flow rate and the upstrean hydrogen pressure. Both 
these parameters were held constant. The assumpticn for the 
temperature was not as good. The temperature of the hydrogen 
in the sample loop was the same as the ambient temperature. 
However since the room temperature was controlled at 298.15 
+/- 2 K the slight variaticn in temperature was considered 


negligible. 


To find the hydrogen chemisorbed by the catalysts, pulses 
of hydrogen were injected into the nitrogen carrier stream via 
the gas sample aes at ~3.5 minute intervals. Hydrogen 
pulses core injected until the eluted peaks, as recorded by 
the electronic integrator, were the same size (i.e. the area 
of successive peaks from the same loop were generally within 
1% of each other). The fractionally adsorbed peaks were 
Peas cag dividing the difference in area between the full 
and fractional peak by the full peak area. A linear 
relationship was assumed between the amount of hydrogen 
passing through the T.C. cell and the peak area. Because of 
the 1.96% difference in sample loop size, the pulses adsorbed 
from loopi were calculated seperately from those of loop2. 
Summing the pulse fren Paget and loop2 gave the total number 
of pulses adsorbed. The volume of chemisorbed hydrogen was 
found by taking the preduct of the total pulses and the 


average Sample ilcop volume (i.e. 0.345 cc). The H/M was 


determined by calculating: 
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1. the number of hydrogen atoms adsorbed; 


2. the toal number of metal atoms in the catalyst. 


The number of hydrogen atoms adsorbed is just twice the volume 
of hydrogen gas adsorbed times the ratio of Avogadro's number 
to 22414 cc/nole (assuming ideal gas behaviour). The total 
humber of metal atoms is obtained by multiplying the weight of 
the metal on the catalyst by the ratio of Avogadro's number to 
the atomic weight of the metal. The total number of netal 
atoms in the bimetallic catalysts is just the sum of the metal 


atom for the two metals. 


The relative hydrogen uptake was found by dividing the 
average H/M for the sintered sample by the average H/M for the 


unsintered sample. 


The calculations were done on Amdahl. 470v/6 computing 
System. The programs used for the calculations and the 


results of the sintering experiments are given in Appendix B. 


A-2.2 Sample Calculation 


The equation used for calculating H/M is: 


H/N = N * V * F * No paar) 


(W/100)* (MN 1/MW1+M2/MW2) *No 
where: 
N=the no. of pulses adsorbed (calculated from the peak 


areas) 
V=the average volume of H, in the sample loops=0.345 cc. 
Fo ((1/ 22418) * (2):) oie of H per cc. 
Nce=Avogadro's number 
W=the weight of the catalyst sample in grams (a) 
Mi=the wt.% cf metal 1 on the catalyst 
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H2=the wt.% cf metal 2 on the catalyst 
NW i=the atomic weight of metal 1 
KW2=the atomic weight of metal 2 


(a) W=W/2 for the mechanically mixed catalysts 


AS an illustration the results from run #71 were used in 
the following calculation. The sample was a 1%Pt/1%ir 
bimetallic catalyst. The weight of the sample used was 1.3890 
grams. The areas of the peaks and the fraction of pulses they 


represent are given in Table A-2.1. 


Table A-2.1 


Calculation of the Total Pulses Adsorbed 
, for Run# 71 from Exp.# 37 


Area of Peak Area of Peak Adsorbed Pulses # 
Loopi Loop2 Loop! Loop2 
122116 888806 0.884 0. 7180 

1021831 1068082 0.033 0.015 
1051664 -1084496 0.005 
1056420 


Oso 22 TOUS he: 


Total pulses adsorbed = 1.117 


* Adsorbed pulse = {full peak area ~ fractional peak area) 
(full peak area) 
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Substituting into equation A-2 where: 
N=1.117 | 
V=0. 345 
F=8.922X10-S moles H per cc. 
W=1.3890 gn. 
2M 1=AN2=1 
M1=195.09 


~M2=192. 2 


Therefore: H/M = 0.240 
The H/H for the set of experiments #68-#71 were as 
follows; 
Table A-2.2 


H/M Values for Exp.# 37 


Run# Treatment H/M 
68 unsintered 0.435 
69 unsintered 0.433 
70 sintered 0.267 
71 Sintered 0.240 


Relative Uptake = (0.267+0. 240) /2/(0.435+0.433) /2 
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The surface area measurements were done Diyeeh rc cane). 


Leung. 


The support surface area measurements were Carried out on 
a constant volume BET apparatus. The dead volume 
determinations were done using helium . At least four dead 
wolume determinations were done for each Sample and an average 
of all these values was used. The adsorption procedure 
consisted of the following steps: one, introducing adsorbate 
(nitrogen) to a desired pressure into the gas holder which is 
isclated from the evacuated catalyst holder; two, expanding 
the adsorbate into the catalyst holder; three, waiting for the 
pressure to reach a steady state value; four, isolating the 
Sample holder from the gas holder; five, introducing adsorbate 
to a desired pressure into the gas holder; six, repeating 
steps Guo to five at least four times. The amount of nitrogen 


adsorbed at the various pressures is given by: 


i 
U, = 1 Wii j-Piy-a)- Pi, + VQ) [A-2] 
R Ty j=l 


where: 
Ui=moles of nitrogen adsorbed per gram of catalyst 
Vg=volume of the gas holder 
Vd=average dead volume 
Tg=temperature of gas holder 


Pi=pressure in the gas holder after the ith adsorbate 
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introduction before opening the valve to 
the catalyst holder 
Pii=pressure (steady-state value) in gas holder and 
Catalyst holder after opening the valve to - 
the catalyst for the ith measurement (Pii=0, i=0) 


R=gas constant 


A plot of Piiy[Ui(Po-Pii) ] versus Pii/Po leads to a 
Straight line with a slope a and an intercept b. Po is the 
saturation pressure of the adsorbate (nitrogen) at the 
temperature of adsorption. This value was measured with a 
Wallace-Tiernan pressure gauge. The Slope and the intercepts 
were found by fitting the data points in the range 
0. 05<P/P0<0. 35 40 1a straight line using a least squares 


method. The nitrogen monolayer coverage uptake is given by: 


Un = 1/(atb) [a-3] 


Once Um is known, the support surface are is calculated using 


the following equaticn: 


A = UmNoOAo | [A~-4 ] 


where A is the support surface area, No is Avogadro's number 
and Ao is the area covered per nitrogen molecule which is 
taken to be equal to 15.8X10-29 m@, A sample calculation is 


shown below. 
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a —- wee Oe eee ee <0 ae eee aes Se ee ee ee ee ee ee oe eee ee 


This sample calculation is for a fresh sample of the 


TAPt/ikIr bimetallic catalyst. 


Outgas Temp.: 250 % 


Sample Weight: 1.0035 g 


a) 


b) 


x 


Volume of 
P1(psia) 


4,507 
S297 
is 999 
naeeoes 
4.307 
3.112 


gas holder, 
P2(psia) V 


Se 203 
2.400 
22915 
2.130 
3. 137 
Ze 209 


Outga 


Po 


A 


Dead Volume Vd Determination: 


Vg = 145 


s Time: 16 hours 
N2Ve 0: LOLLY 


136,95 Oe bDS/ Sa. ans 
230°C =909.6 115) K 


es Pa ah 


d(ml) = Vg(P1-P2) /P2 


54.4033 
54.5376 
54.2632 
54.6001 
54.4234 
54.2135 


Average Vol., Vd= 54.406 


Adsorption Data: 
a Pi (psia) 
1 ae2ee 0.285 
Z 2.264 15326 
KS Ze 302 1.882 
q 22403 4en103 
> 2-501 22361 
6 22102 26000 
7 22-904 25/51 
8 3.206 32016 
9 3< 502 33298 
10 3.900 3.648 
11 4.300 4.026 
12 4.702 4.414 
13 4.852 4.661 
14 22005 4.854 
15 12.021 8.840 
16 20.002 1246290 


Pii(psia) Pii/Po 


0.0204 
0.0951 
0.1350 
Caso Go 
0.1693 
Ve 1d 5 
0.1973 
0.2163 
0.2365 
0.2616 
0.2887 
0.3165 
0.3342 
0.3481 
G.6339 
0.8813 
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c) Computation of Um and Surface Area: 


i PiiyPo UixiG* Pii,y (Ui (P0-Pii)) 


1 0.0204 7-456 27.2979 
2 0.0951 92696 108.368 
3 0.1350). 40562 147.701 
4 0.1565 11.001 168.697 
5 05-1693), tis 301 180.339 
6 0296383 KNI95599 193.466 
7 0.1973 11.926 206.044 
8 0221686 429298 224.381 
9 O6:2365% 125700 243.875 
10 02.2696 1.418.495 268.465 
11 Os 2eoT, ise hos 295.439 
12 O2316506 145 324 923.2356 
13 0-6-3342 14.724 340.943 
“44 0.3481 15,046 354.840 
15 0.6339 21.948 788.837 
16 0.8813 48.120 1542.601 


Pii/(Ui(Po-Pii)) versus PiiysPo was fitted LO Strargut eli ne 
using a linear least squares routine for the points i=2 to 
—2=14. The slope was found to be 970.9066 g/mole and the 


intercept was 15.625 g/mole. 


Um = 1/(970.906+ (15.625) )} = 1.014xX10-3 moles/gram 


1. 014X10-3 (moles) X6.023X1023X15. 8X10-20 (m2/molecule) 


Area 
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APPENDIX B 


Table B-1 lists the hydrogen chemisorption data. It 
includes sample weight, treatment conditions, number of 
hydrogen pulses adsorbed and the hydrogen to metal ratio 
(H/M). Note that under the heading CAT an AY indicates that 
the sample was a co-impregnated bimetallic catalyst while an 


MYX was used to denote the mechanical mixtures. 


“Table B-2 lists the hydrogen chemisorption runs that were 
omitted from Table B-1 and gives the reasons why the runs were 


omitted. 


Table B-3 lists the computer programs used to calculate 
the H/M given in Table B-1. fhe first progran is for the 
monometailic catalysts and the second program is for the co- 


impregnated bimetallic and mechanically mixed catalysts. 


a) 
Sd eS 


‘S7¢-voubaeds nbvcthed ede adel fa) ‘al 
dans 3 ey , na ee pk. 

ban sc aed titi ad bon olgane 55 bm 

7 eee Oe 
Apo ott how Sodson G6 aealig g 0% 

oes 


Li “Pg sy a ae ERE OW iW sii! Pees | veto dsae> aro | 


fi UV OR ar Tey 2erce San Tre eaeee 


1 acoso tas Mal aiid “aseks b<t sidan 


» * 


ye gS : at = etdes aknsig 


haocina aiid tan my J inte sifted on 
a 7a 
an Bia paki tontd heremieagy 


iti, a : ; 7 ayy : 


iS 


106 


Table B-1 
The Hydrogen Chemisorption Data 


Te 


EXP 


CAT 


IRIDIUM 
IRIDIUM 
IRIDIUM 


LRIDIUM 


IRIDIUM 
TRIDIUM 
IRIDIUM 


LTRIDIUU 


TRIDIUM 
IRIDIUH 


IRIDIUM 


IRIDIUM 
IRIDIUM 


IRIDIUM 


RUN 


28 


29 


120 
AN 
122 


123 


36 
37 


38 


225 
296 


L506 


PRETREATMENT 
ATM TEN? TIME 


"ey CB) 


UNSINTERED 
ONSINTERED 
OXY. 300 1 


OXY 300 1 


UNSINTERED 
UNSINTERED 
Oxy 400 1 


OxY 400 1 


UNSINTERED 
OXY 500 1 


OxY 500 1 


UNSINTERED 
OxY 600 1 


OXY 600 1 


SAMPLE NUMBER 
SIZE OF PULSES 
{gm) ADSORBED 

1.7358 teats 

1.7358 T2710 

1.7358 1.411 

1.449 


1.7358 


~ RELATIVE UPTAKE 


1.6000 1. 154 
1.6000 1. 163 
126000 0.965 
1.6000 0.949 


RELATIVE UPTAKE 


1.7089 1.206 
1.7089 0. 488 
1.7089 0. 462 


RELATIVE UPTAKE 


1.6364 1. 306 
1.6364 0.267 
1.6364 0.267 


RELATIVE UPTAKE 
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H/M 


0.416 
0. 413 
0.481 


0. 494 


1-178 


0. 473 
0.097 


0.097 


0.205 
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. PRETREATMENT SAMPLE NUMBER H/M 
EXP CAT - RUN ATM TEMP TIME SIZE OF PULSES 
# (°C) (h) (gm) ADSORBED 
5 IRIDIUM 278 UNSINTERED 1.7020 4.322 6. 460 
IRIDIUM 279 UNSINTERED 427020 1.261 0.439 
IRIDIUM 280 OXY 300 16 1.7920 1. 599 0.556 
- JRIDIUM 281 Oxy S00 16 1.7020 1-540 0. 536 
RELATIVE UPTAKE 16 216 
IRIDIUM 20 UNSINTERED 1.8836 1.299 0.409 
IRIDIUM 21 UNSINTERED 1.8836 1.293 0.407 
IRIDIUN 24 OXY 400 16 1.8836 0.439 0,438 
IRIDIUM 25 OXY 400) > 16 1.8836 0.402 02127 
RELATIVE UPTAKE G.325 
IRIDIUM 15 UNSINTERED 1.9195 1.855 0. 449 
IRIDIUM 17 OxY- 500° 16 Awa. 0.343 0.106 
IRIDIUM 18 OXY 500 16 1.9195 05328 0. 100 
RELATIVE UPTAKE = 0.230 
IRIDIUM 39 UNSINTERED 1.74828 1.2183 0.401 
TRIDIUM 40 OxY 500 16 167428 0.305 0.104 
IRIDIUM 44 Oxy 500 16 1.7428 0.304 0.104 


RELATIVE UPTAKE = 0.258 
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CAT 


IRIDIUM 
IRIDIUM 
IRIDIUM 


' TRIDIUM 


IRIDIUM 
IRIDIUM 


IRIDIUM 


IRIDIUM 
IRIDIUM 


IRIDIUM 


TRIDIUM 
IRIDIUN 
LRIDIUN 


IRIDIUM 


25 
258 


259 


166 
67 
169 


170 


PRETREATMENT 
ATM TEMP TIME 
(ey) Gh) 


UNSINTERED 
UNSINTERED 
OXY 600 16 


OXY 600 16 


UNSINTERED 
HYD 650 1 


HYD 650 1 


UNSINTERED 
HYD 650 1 


HYD 650 1 


UNSINTERED 
UNSINTERED 
HYD 800 1 


HYD 800 1 


SAMPLE © 


SIZE 
(gm) 


1.6612 
1.6612 
1.6612 


1.6612 


NUMBER 


OF PULSES 
ADSORBED 


1-247 
1.241 
0. 282 


0.265 


RELATIVE UPTAKE 


1.6964 
1.6964 


1.6964 


1. 380 
1.608 1 


12079 


RELATIVE UPTAKE 


1.7258 
1.7258 


1.7258 


1.278 
12131 


1.123 


RELATIVE UPTAKE 


1.6675 
1.6675 
1.6675 


1.6675 


Ves 12 
1 295'2 
0.998 


0.956 


RELATIVE UPTAKE 
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H/M 


0.445 
0.443 
0.101 


0.095 


0.220 


0.482 


0. 378 


0.377 


0.783 


0.439 


0.388 


0. 386 
0. 882 
0.466 
0.445 


0.355 


0. 340 


0.763 
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PRETREATMENT SAMPLE #£NUMBER H/M 


EXP CAT RUN ATM TEMP TIME SIZE OF PULSES 
t (°C) (h) (gm) ADSORBED 
13 IRIDIUM 171 UNSINTERED 1.6616 1-309. (OsH67 
“IRIDIUM 172. UNSINTERED 1.6616 12280 0.456 
IRIDIUM 173. HYD 650 16 1.6616 1.061) 0.378 
IRIDIUM 174 HYD 650 16 1.6616 A064 0.379 


RELATIVE UPTAKE = 0.821 


14 IRIDIUM 223 ONSINTERED 1.8039 iocG 0. 436 
IRIDIUM 224 HYD 76507396 1.8039 1.069 0.351 


~TRIDIUM 222 BY D-GOt 6 1.8039 1.061 0. 349 


RELATIVE UPTAKE = 0.802 


15 IRIDIUM 188 UNSINTERED 16.7258 7-402 0.481 
IRIDIUM 189 UNSINTERED 1.7258 16.358 0.466 
IRIDIUM 190 HYD 800 16 1.7258 0. 840 0.288 


IRIDIUM 197 HYD 800 16 tev258 0.835 0. 287 


RELATIVE UPTAKE = 0.607 


16 IRIDIUM 181 UNSINTERED V2 7059 1.304 0.453 
| IRIDIUM 182 UNSINTERED 1. 7059 te2i5 0. 443 
IRIDIUM 183 HYD €00 16 etl Oo9 0.806 0.280 
IRIDIUM 184 HYD 800 16 1.7059 0.806 0. 280 


RELATIVE UPTAKE = 0.626 
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EXP 


7 


18 


19 


20 


CAT 


PLATINUM 


- PLATINUM 


PLATINUM 


PLATINUM 
PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUA 


PLATINUM 
PLATINUM 
PLATINUM 


PLATINUH 


265 


264% 


275 
276 


217 


124 
125 
126 


127 


42 
3 
Qu 


45 


PRETREATMENT 
ATM TEMP TIME 
(°C) = (h) 
UNSINTERED 
OXY 300 1 
OXY 300 1 
UNSINTERED 
OXY 300 1 
OXY 300 1 


UNSINTERED 
UNSINTERED 
OXY 400 


OXY 400 


UNSINTERED 
UNSINTERED 
OXY 500 


Oxy 500 


4 


j 


* 


4 


» SAMPLE 


SIZE 
(gm) 


1.6863 
1.6863 


1.6863 


NUMBER 


OFeLULSES 


ADSORBED 


1.202 
1.185 


7.103 


RELATIVE UPTAKE 


127406 
1.7406 


1. 7406 


1.6694 
1.6694 
1.6694 


1.6694 


1.156 
1. 164 


1.210 


~RELATIVE UPTAKE 


1.271 
feo 
1.630 


1.571 


RELATIVE UPTAKE 


1.7984 
1.7984 
1.7984 


1.7984 


Tesh65 
1. 130 
1.803 


1. 685 


H/M 


0.429 
0.423 


0. 393 


0.952 


0.399 
0. 402 


0.418 


1.027 


0.458 
0.454 
0.587 


0. 566 


13265 


0. 390 
0.378 
0. 603 


0.563 


RELATIVE UPTAKE = 1.520 
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EXP 


Za 


22 


23 


24 


CAT 


PLATINUM 


PLATINUM 


PLATINUM 


' PLATINUM 


PLATINUM 
PLATINUM 
PLATINUM 


PLATINUM 


PLATINUM 
PLATINUM 


PLATINUM 


PLATINUM 
PLATINUM 
PLATINOM 


PLATINUM 


57 
58 
52 


60 


266 
267 


268 


64 
65 
66 


67 


PRETREATHENT 
ATM TEMP TIME 
(°C) (h) 


UNSINTERED 
UNSINTERED 
Oxy 600 1 


OXY 600 1 


UNSINTERED 
UNSINTERED 
OXY 700 1 


OXY 700 1 


UNSINTERED 
OxY 300. 16 


OXY 300 16 


UNSINTERED 
UNSINTERED 
OXY 400 16 


OXY 400 16 


SAMPLE 


SIZE 
(gm) 


(1.74074 


1. 7474 
1.7474 


1.7474 


NUMBER 


1.285 
1.308 
12289 


1-236 


RELATIVE UPTAKE 


1.7700 
1.7700 
1.7700 


1.7700 


1. 101 
1.024 
0.451 


0.571 


RELATIVE UPTAKE 


127775 
a ioe At a hee: 


Lene TEP Gs 


1.222 
eco 5 


1.258 


RELATIVE UPTAKE 


42 7445 
1.7445 
127445 


1.7445 


12745 
1.193 
1.468 


Teigo 2 


OF PULSES 
ADSORBED 


— 
— 


RELATIVE UPTAKE = 


112 


H/M 


0.442 
0.450 
0.444 


0.425 
0. 974 
0. 374 


0.348 


0.154 


- 0. 174 


0.453 


0.413 
0. 438 


0.426 


1.045 


0.395 


0.411 


0.506 


0.480 
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EXP 


25 


26 


a4 


28 


CAT 


PLATINUM 


PLATINUM 


PLATINUM 


| PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


48 


49 


54 


56 


61 
62 


G3 


£5p 
336 
337 


338 


PRETREATMENT 
ATM TEMP TIME 
(°C) (bh) 


UNSINTERED 
UNSINTERED 
OXY 500 16 


OXY S00 . 16 


UNSINTERED 
OXY 600 16 


OXY 600 16 


UNSINTERED 
OXY 700 16 


OXY 700 16 


UNSINTERED 
UNSINTERED 
OXY 800 16 


OXY 800 16 


SAMPLE | 


SIZE 
(gm) 


1.6678 
1.6678 
1.6678 


7.6678 


NUMBER 


1.9089 
1.039 
20 242 


20 242 


RELATIVE UPTAKE 


1.7056 


1.7056 


1.7056 


1.063 
12092 


1.099 


RELATIVE UPTAKE 


1.6708 
126708 


1.6708 


1.028 
05325 


0. 300 


RELATIVE UPTAKE 


1.71814 
1.7181 
1.7181 


1.7181 


1.041 
1.045 
0.170 


0.140 


OF PULSES 
ADSORBED 


RELATIVE UPTAKE = 


113 


H/M 


0. 393 
0.375 
0. 808 


0. 608 
2. 108 
0.375 


0.385 


0. 387 
1.037 
0.370 


0.117 


0.108 
0. 304 
0. 364 
0.366 


0. 060 


0. 049 


0. 149 
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EXP 


a9 


36 


31 


32 


CAT. 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 
PLATINUS 
PLATINUM 


PLATINUM 


PLATINUN 
PLATINUM 


PLATINUM 


PLATINUM 
PLATINUM 
PLATINUM 


PLATINUM 


150 
151 
153 


154 


PRETREATMENT 


ATM TEMP TIME 
(°C) (h) 


UNSINTERED 
UNSINTERED 
HYD, 650 1 


HYD 650 1 


UNSINTERED 
UNSINTERED 
HYD 800 1 


HYD 800 1 


UNSINTERED 
HYD, 650) ) 16 


HYD 650) 116 


UNSINTERED 
UNSINTERED 
HYD 650) 16 


HYD 165077° 16 


SAMPLE 
SEIZE 


(gm) 


1.6938 
1.6938 
166938 


1.6938 


RELATIVE UPTAKE 


he BOW, 
Ve TIA, 
1.7917 


4.9997 


RELATIVE UPTAKE = 


1.7593 
te 1593 


euifshe)s. 


RELATIVE UPTAKE 


te DOS 
ees ei Sts. 
a Avowy Mebe, 


i pee oh 


NUMBER 


OF BRULSES 
ADSORBED 


1.300 
1. 285 
1.103 


1.043 


1.350 
4.250 
0.791 


0.810 


1.079 
0.666 


0.672 


1a 142 
1. 176 
0.634 


Qeis 


H/M 


0.461 
0.456 
0.392 


0. 370 


0.831 


0.453 


0.453 


0.266 


0.272 


0.593 


0.369 


0.228 


0.621 


0. 436 
0. 426 
0. 242 


0.272 


RELATIVE UPTAKE = 0.597 
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EXP 


a3 


34 


CAT 


PLATINUM 


PLATINUM 


PLATINUM 


| PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


PLATINUM 


378 


Sil ge, 


196 
197 
198 


199 


PRETREATMENT 
ATM TEMP TIME 
(°C) ¢h) 


UNSINTERED 


UNSINTERED 
HYD 650 16 


HYD 650 16 


UNSINTERED 
UNSINTERED 
HYD 800 16 


HYD 800° 16 


SAMPLE 
SIZE 


(gm) 


1.6728 
1.6728 
1.6728 


1.6728 


415 


NUMBER H/M 
OF PULSES 
ADSORBED 
1.093 0.393 
T2076. 2387 
C.607% 0.29 
0.649 0.234 


RELATIVE UPTAKE = 0.580 


Tei 355 
Ta 7355 


179355 


WR Berets: 


RELATIVE UPTAKE = 


1. 178 0.408 
1.244 0. 431 
0.349 0.121 
0.338 0.117 

0.284 
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EXP 


35 


36 


So 


38 


CAT. 


ESLER 
PT-1k 


PT-L5 


PATER 
PEL 


PT-IEF 


PT-IR 
PT-IR 
PT-IR 


Ei-ER 


Pili Rk 
PI-£k 


pl Baral BR 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


AY 


81 
82 


77 
78 


79 


68 
69 
70 


771 


134 
132 


133 


PRETREATMENT 
ATS TEMP TIME 
(°C) (h) 
UNSINTERED 
OXY 300 1 
OXY 300 1 
UNSINTERED 
OXY 400 1 
OXY 400 1 
UNSINTERED 
UONSINTERED 
OxY 500 1 
OXY 500 1 
UNSINTERED 
OXY 500 1 
~OXY¥Y 500 1 


SAMPLE  WUMBER 


SIZE OF PGLSES 
(gm) ADSORBED 


1.5300 22205 
1.53006 22231 
1. 5300 202714 


RELATIVE UPTAKE 


1. 4686 22 167 


1- 4686 1.649 


124686 1,614 


RELATIVE UPTAKE 


1.3890 20 026 
1.38390 2.018 
1.3890 1.246 
1.3890 te 447 


RELATIVE UPTAKE 


Te 5412 20435 


1.5412 12424 


Ae Shad) 9 12380 


H/M 


RELATIVE UPTAKE = 0.573 
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PRETREATMENT SAMPLE NUMBER H/M 
EXP CAT” RUN ATM TEMP TIME SIZE OF PULSES 
# (°C) (h) (gm) RDSORBED 
39 PI-IR AY 95 UNSINTERED 1.5593 22299 0. 439 
PT-IR AY 96 UONSINTERED T5533 22266 0. 433 
PT-IR AY 97 OXY 600 1 Wooo 9S 1.350 0.258 
' PT-IR AY 98 OxY 600 1 425593 (eo oe 0.262 


RELATIVE UPTAKE = 0.597 


40 PTT AY 83 UNSINTERED 1.5261 20 184 0.427 
PT-£R AY 85 OX7. SUG 116 1.5261 22256 0. 444 


sols ions 95 iy & 84 OXY 300 16 1.5261 22310 0.457 


RELATIVE UPTAKE = 1.046 


44 PT-IR AY 92 UNSINTERED tes5ct 1868 02471 
PT-IR AY 93 OXY 400 16 123551 12129 | 05248 
PT-IR AY 94 OXY 400 16 ieee Terao) Otes 


RELATIVE UPTAKE = 0.608 


42 PI-IR RY 75 UNSINTERED 1.2851 22035 0.472 


PIER AY 76 OxY 400 16 1.3851 4.298 0.279 
i Sd ad alae tae 4 76A OXY 400 16 Vesoos 1. 180 0.254 


RELATIVE UPTAKE = 0.565 
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369 
370 
Sal 


372 


89 
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PRETREATMENT 
ATN TEAP TINE 


CPE} (CR) 


UNSINTERED 
UNSINTERED 
OXY 500 16 


OxY 500 16 


UNSINTERED 
Oxy 500 16 


OXY 500" 16 


UONSINTERED 
UNSINTERED 
OXY 500 16 


OF S007 16 


UNSINTERED 
OXY (600° to 


OXY 600 16 


SAMPLE NUMBER 
SIZE OF PULSES 
(gm) ADSORBED 

1.4358 2. 188 

1.4358 1.805 

1.4358 1.728 

1.4358 1.820 


RELATIVE UPTAKE 


4 


1.5087 2. 169 
1.5087 22910 
1.5087 Taygioe 


RELATIVE UPTAKE 


1.6224 2.224 
1.6224 22175 
126224 2.009 
126224 106924 


RELATIVE UPTAKE 


1.4618 Qe doe 
1.4618 fe AZ3 
1.4618 tole o 
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H/M 


0.439 
0.229 


0. 229 


RELATIVE UPTAKE = 0.522 
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EXP 


47 


48 


9 


50 


CAT 


PIER 


PI-DR 


PT-IR 


Pi-ik 


BI—IR 


PT-IR 


1d ead Eee 


PEER 
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205 
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PRETREATMENT 
ATM TEMP TIME 
(2cy  ) 


UNSINTERED 


HYD 7650 1 


HYD 650 ‘11 
UNSINTERED 
HYD 800 1. 


HYD 800 1 


UNSINTERED 
UNSINTERED 
HYD 650 16 


HYD 650 16 


UNSINTERED 
HYDISVOFTES 


HYD 800 16 


SAMPLE NUMBER 


Sirae OF PULSES 
(gm) ADSORBED 


1.4024 1.968 
1. 4024 1-657 


1.4024 1.685 


RELATIVE UPTAKE 


decs26 1.879 
1.3326 1. 403 
1. 3326 1.384 


RELATIVE UPTAKE 


1.4500 2.009 
1.4500 1.970 
1.4500 126652 
71-4500 1.572 


RELATIVE UPTAKE 


1.3885 1.90 1 
1.3885 1.207 
1.3885 1. 183 


RELATIVE UPTAKE = 


H/M 


0.418 
0.352 


0.358 
0. 850 
0.420 


0.314 


0.310 
0.742 
0.413 
0.405 


0.340 


0. 323 
0. 811 
0.408 


0.259 


0.254 


0.629 
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PRETREATMENT SAMPLE NUMBER H/M 
EXP CAT - RUN ATH DEMP TIME SIZE OF PULSES 
# (2c) (h) (gm) ADSORBED 
51 Bid Fok Rl ld 146 UNSINTERED 1.6839 eee 0.458 
PT-LR Ax 147 UNSINTERED 1.6839 e235 0. 437 
PY=UR BX 748 OXY 300 1 1.6839 T2938 0.458 
PITT R) BX 149 OXY 300 1 1.6839 e390 0.478 


RELATIVE UPTAKE = 1.045 


52 PI-2PR OMX 269 UNSINTERED 1.7485 Te2tD 0.435 
BI=ikK BX 210 OXY 400 1 1.7485 1.099 0.375 
Pi-ih: BX 270 OxY 400 Vite 1.7485 1.099 O2375 


RELATIVE UPTAKE = 0.862 


53 PT-IR MX 138 UNSINTERED 1.6622 1S 2h) 00857 
PT-IR MX 139 UNSINTERED 1.6622 e204" 08s 
PT-IR MX 140 oxy 400 1 1. 6622 1.100 0.394 
PT-IR MX 141 OXY 400 1 1.6622 0.994 0.356 


RELATIVE UPTAKE = OQ. 847 


54 PISeR Fok 134 UNSINTERED 14.6759 1. 166 0.415 
VB tbe 1235 UNSINTERED Te O70 1. 166 0.415 
PT-1nORX 136 OXY 500 1 1.6759 1.171 0.417 
PI-IR MX Ta OXY 500 1 1.6759 1. 161 0.413 


RELATIVE UPTAKE = 1.000 
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103 
104 
105 


106 


a9 
100 
1014 


102 


PRETREATMENT 
ATN TEMP: TIME 


(°C) (h) 


UNSINTERED 
UNSINTERED 
OXY 600 1 


OXY 600 1 


UNSINTERED 
UNSINTERED 
OxY 300 16 


OXY 1300 F276 


UNSINTERED 
UNSINTERED 
OXY 400 16 


OXY 400 16 


UNSINTERED 
UNSINTERED 
OF Y 500) 7ro 


OXY 500 16 


SAMPLE 
SIZE 


(gm) 


1.7402 
1.7402 
1.7402 


1. 7402 


NUMBER 


OF PULSES 
ADSORBED 


Ho a 


1.230 
0.935 


0.974 


RELATIVE UPTAKE 


1.7598 
1. 7598 
1.7598 


1.7598 


RELATIVE UPTAKE : 


1055) 
le O55 
1.8351 


1.8351 


1.437 
ler 3SiD 
1.546 


1.493 


12459 
124417 
12194 


1.120 


RELATIVE UPTAKE 


1.9781 
1.9781 
Toso 


T9784 


RELATIVE UPTAKE = 


1.514 
1.481 
EPO wt A 
1.653 


W241 


H/M 


0.429 
0. 421 
0.320 


0.313 


0. 746 


0.487 
0.473 
0.524 


0. 506 


1.074 


0.474 
0. 460 
0.388 


0.364 


0.805 


0. 456 


0.446. 
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0.498 


1.079 
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MX 
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MX 
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MX 
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PRETREATMENT 
ATM TEMP TIME 
UG) Ch) 


UNSINTERED 


UNSINTERED 


OXY 600 16 


OXY 600 16 


UNSINTERED 


HYD, 65:0 i 


HYD 650 1 


UNSINTERED 


HYD 800 1 


HYD 800 1 


UNSINTERED 


UNSINTERED 


HYD? 65:0. =16 


HYD 36510)s 16 


SAMPLE NUMBER 
SIZE OF PULSES 
(gm) ADSORBED 

1.7094 eel 3'6 

1.7094 1731'S 

1.7094 OF322 

1.7094 05832 

RELATIVE UPTAKE = 

1 8252 1.304 

1S 2'592. 1.066 

Wes 252 i068 


RELATIVE UPTAKE 


b.3320 35:3 


P8320 0.910 


Mees al) 0.926 


RELATIVE UPTAKE 
Rep IV 5) 309 
Lie? 9:75 dae 0 
e975 0.905 
|e ey As) 0.907 


RELATIVE UPTAKE = 


i ya72 


H/M 


0.396 
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0.734 
0.426 
0.348 
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0.817 
0.440 
0.296 
0.301 
0.679 
0.434 
0.417 
0.300 
0.301 


0.707 
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EXP 


63 


CAT 


PT-ER SUX 


PI-ER PMX 


PINKER PMX 


Pear ae x, 


220 
221 


222 


PRETREATMENT 
ATM TEMP TIME 
(°C) ¢h) 


UNSINTERED 
UNSINTERED 
HYD 800 16 


HYD 800 16 
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SAMPLE NUMBER H/M 
SIZE OF PULSES 
(gm) ADSORBED 


1.6120 TVS 0.434 
1.26120 1. 160 0. 429 
1.6120 0.563 0.208 


1.6120 02652 0. 234 


RELATIVE UPTAKE = 0.512 
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PRETREATMENT SAMPLE NUMBBR H/M 
EXP CAT - RUN ATM TEMP TIME SIZE OF PULSES 
# (°C) = (hb) (gm) | ADSORBED 
64 PT-W AY 317 UNSINTERED 2.4814 00-490 0.058 
PT-W AY 398. OxT Hoe) | 4 2.4814 0.487 0.057 
PT-W AY 319° OXY 900 . 1 2.4814 0.582 0.068 


RELATIVE UPTAKE = 1.091 


65 PT-W AY 320 UNSINTERED 224908 0.456 0.053 
PT-W AY 321 OxY 500 1 2 4908 0.954 0.112 
Pi-W AY ae OXY 500 1 22 4908 0.891 0. 104 


RELATIVE UPTAKE = 2.024 


66 PIe AY 343 UNSINTERED 224940 0. 436 0.051 
PT-W AY 344 OXY 600 1 224940 1.106 0.129 
 \PT=-". AY 345 OXY 600 1 2- 4940 1 Pa 0.130 


RELATIVE UPTAKE = 2.544 


67 PT-W AY 354 UNSINTERED Ze 30> 0.421 0.048 
PIewe AY 355 OXY 600 Te Weeoe 15 1.104 0.127 
PI-W AY 355 OXY 600 1 2, D525 1.104 0. 127 


RELATIVE UPTAKE = 2.623 
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CAT 


Pi-W 


PT- 


Pr=8 


Pi-u 


Ea 8 


PT-W 


PTW 
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PRETREATMENT 
ATM TEMP TIME 
(°C) (h) 


UNSINTERED 
OxY 700 1 


OXY 700 1 


UNSINTERED 
UNSINTERED 
OXY 600 16 


OXY 600 16 


UNSINTERED 
UNSINTERED 
OXY, 6007 716 


OXY 600 16 


UNSINTERED 
UNSINTERED 
HYD 650 1 


HYD2650 1 


SAMPLE 
SIZE 
(gm) 


Ze5 412 
Zea rl2 


Zero Z 


NUMBER 


OF PULSES 
ADSORBED 


0.456 
0.458 


0.497 


RELATIVE UPTAKE 


2e 5684 
225684 
22 5684 


2.5684 


0.704 
0.815 
1. 256 


1. 340 


RELATIVE UPTAKE 


2. 4844 
2.4844 
2.4844 


22 4844 


05592 
0.557 
T2126 


1. 149 


RELATIVE UPTAKE 


224982 
204982 
224982 


224982 


05391 
0.3590 
0.317 


Q6352 


RELATIVE UPTAKE 
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H/M 


0.053 
0.053 


0.058 


1.048 


0. 080 
0.092 
0.142 


0. 152 


1.710 


0.069 
0.065 
0.132 


Oo.135 


1. 982 


0. 046 


0.045 


0.037 


0.041 


0. 857 
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CAT 


PI=W AY 
PT-W AY 
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328 
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PRETREATMENT 
ATM TEMP TIME 
(°C) (h) 


UNSINTERED 
HYD 800 


HYD 800 
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SAMPLE NUMBER H/M 
SIZE OF PULSES 
(gm) ADSORBED 


224975 0.473 0.055 
224975 0.122 0.074 


2.4975 0.141 0.016 


RELATIVE UPTAKE = 0.279 
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PRETREATMENT SAMPLE NUMBER H/M 
EXP CAT . RUN ATM TEMP TIME SIZE OF PULSES 
# (CC)  (h) (gm) | ADSORBED 
73 PT-W MX 351 UNSINTERED 3.4451 15182) “0G-494 
PT-W MX 352. Oxnisoonnnt 3.4451 Ti 108  Oat87 
PT-W MX 353) 1) OF £00 » ya 3.4451 1. THEO. 05:793 


RELATIVE UPTAKE = 0.993 


74 Si Net eda Zo9 UNSINTERED 2.7090 1.020 0.219 
PT-W MX 240 OXY 500 1.2) 2a FO96 1.614 0.347 


PIi-W Mx 241 OXY 500 1 2.7090 1.58 1 0. 340 


RELATIVE UPTAKE = 1.567 


75 PT-W MX 349 UNSINTERED 324124 12359 0.232 
Pie 6x 350 OXY 600 1 324124 1527 0. 261 
_ PI-W MX 350 OxY 600 1 3.4124 1.527 0. 261 


RELATIVE UPTAKE = 1.124 


76 PIL-4 hs 359 UNSINTERED 3.4187 1. 292 0. 220 
PI-W MX 360 Oxy 700 1 3e 4187 0.563 0.096 
P{-W MX 360 OXY 700 1 3.4187 0.563 0.096 


RELATIVE UPTAKE = 0.436 
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PRETREATMENT 
ATM TEMP TIME 
(°C) = (h) 


UNSINTERED 


UNSINTERED 


OXY 400 16 


OXY 400 16 


UNSINTERED 


UNSINTERED 


OXY 650 16 


OxY 650 16 


UNSINTERED 
HY D6 


HYD 650 


UNSINTERED 
HYD 800 


HYD 800 


1 


1 


1 
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SAMPLE NUMBER 


SIZE OF PULSES 


(gm) ADSORBED 


323858 1. 146 
3. 3858 12139 
3.3858 1. 20 3 
3.5058 1.284 


RELATIVE UPTAKE 


2.9834 1.018 
229834 1.018 
22 9834 0.643 


229834 0.671 


RELATIVE UPTAKE 


3. 4206 eed 
3. 4206 0-811 


32 4206 0.884 


RELATIVE UPTAKE 


3e 2604 1.097 


3. 2604 Jeo15 


3.2604 0.593 


RELATIVE UPTAKE 
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H/M 


0.197 
0.196 
0. 207 


0.221 
1.089 
0.199 
0.199 


0. 126 


0.131 
0. 646 
0.235 


0. 138 


0.151 
0.616 
0. 196 


0.092 


0. 106 


0. 506 
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EXP 
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CAT 


PT-wW 


PT-W 


MX 
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UX 
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MX 


243 
244 
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PRETREATMENT 
ATM TEMP TIME 
CoC} (h) 


UNSINTERED 
UNSINTERED 
HYD 650. 16 


HYD 650) 16 


UNSINTERED 
HYD 800 16 


HYD 800 16 


SAMPLE 


SIZE 
(gm) 


302930 
3.2535 
36 2535 


SP2535 


RELATIVE UPTAKE 


2. 4340 
223430 


2¢ 3430 
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NUMBER H/M 
OF PULSES 
ADSORBED 

1.026 0.184 
ASOWG nO w18 7 
0.511 0.092 
0.549 0.098 

=a OLS 2 
0.873 0.209 
09235519 0.058 
0.235 0.058 


RELATIVE UPTAKE 


= 0. 280 
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Table B-2 


The Experiments Omitted from 
the Chemisorption Data in Table B-1 


Run Cat Treatment Reason for 
# Atm Temp Time Omission 
(PC) (b) 
178-180 ie HYD 650 1 The initial uptake 


(H/M) was too low. 
(45 G29, 059238) 


150-15 2 Pt HYD 800 1 The 2nd Hy adsorption 
on the sintered sample 
was 30% more than the 
Ist adsorption. 


1€4-165 Pt HYD 650 16 The relative uptake 
was much higher than 
the other 3 experiments 
at this sintering 
Condition. 


72-74 Pt-ir 2A? OXY 500 16 The initial uptake 
(H/M) was too low. 
(i.e. 0.271) 


207-209 4 Pt—-ir Mx HYD 800 1 The relative uptake of 
0.531 @id not seen "to 
"fat" as indicated by 
the other results. 


116-119 Ir OXY 500 4 This Ir sample was 
Sintered for 4 hrs. 


340-342 Pt-W MX OXY 400 1 The initial uptake 
(H/M) was too high. 
(i.e. 0.286) 
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Table B-3 
Computer Programs 


The following are the programs were used to calculate the 
H/M ratios for the different catalysts. Program 1 was used to 
calculate the H/M for the monometallic catalysts. Program 2 
was used to calculate the HyM for the bimetallic and the 
mechanically mixed catalysts. 


The first piece of data to be read by the programs is the 
atomic weight of the metal used in the catalyst..-In program 1 
this is designated as XWT and has a format of F10.3. For 
program 2 the atomic weight of the metal is designated as 
XWT1, has a F10.3 format and is either the atomic weight of ir 
or We The atomic weight of Pt has already been incorporated 
into program 2. The next input string of data required by 
both programs 1 and 2 are given in Table B-3.1. 


TADLG webs 
Input Format 


Input Columns Format Name in Progran 
catalyst identification t=65 2A4 CATID1,CATID2 
experiment run # 9-12 AY | RN 
sintering atmosphere 137-16 A4 ATM 
sintering temperature in C 17-20 AY TEMP 
sintering time 21-24 AY TIME 
either 1 or 16 hrs. 
catalyst weight 25-34 F1i0.4 CATHT 
ambient pressure 35-44 F10.4 PRESS 
ambient temperature W5-54 F10.4 ATEMP 
no. of pulses adsorbed 55-64 F10.4 PULSE 
%® metal on catalyst | 65-66 I2 iD 
no. of H, titrations on 67-68 1674 IX 
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Note that all the A format were Tight justified when 
entered. The program can take one or two sets of data for the 
unsintered sample. However it was assumed that there would 
always be two measurements on the sintered Sample. In the few 
cases where a repeat measurement was not made, the data were 
just entered twice. 


The ambient temperature and pressure were entered into 
the data just for reference. They were not used in the 
calculations. 


In the following programs the "I* is a counter which can 
be set to any interger value and from which the experiments in 
the data set are numbered consecutively. 
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APPENDIX C 


C-1 Tungsten Analysis 


In a procedure similar to that used by Mertzweiller(18), 
ammonium metatungstate was used to impregnate the Alon with 
tungsten. The molecular formula for ammonium mnetatungstate 
vite (NH, ) 6W) 9939 - » Because Of Mts “altinivty for water and its 
- easy hydrolysis to tungstic acid and other polytungstates (55) 
the purity of the sample as (NH,) 6W17039 could not be 
guaranteed. In order to find the tungsten content the 


metatungstate was pyrolized to give W03 . The reaction is: 


(NH, ) 6Wy 2039 oy 6NH3 #252 WO3 + 3 H70 (C-1) 


Other polytungstates and tungstic acid decompose with 


heat in a similar fashion to give WO; (55). 


Approximately 0.3 grams of ammonium metatungstate was 
accurately weighed ined a previously fired and weighed 
crucible. The crucible plus contents was placed ina muffle 
furnace at 600 °C and left overnight. The crucilble was 
removed and allowed to cool in a dessicator. The crucible and 
contents were weighed again and then placed back in the muffle 
furnace for several more hours so as to check that reaction C- 
1 was complete. The analysis was done in duplicate. The 


calculation of the wt.% tungsten in the ammonium metatungstate 


} 

- = 
. 
il 2 

a 

'e ‘= 

7 

ay 


at 


7 fepe rag? ty? sabi be esa fat . 


if 7 
- ry 7 T i 
be * ; ve 


+ ctagpagies Be Bea aes ota dagad 


nF, 


nie, & ‘coed! edie inl oom m 


. (- ro 
av dd. hn Es i +See ‘ 
wey yidtho (bes Bae Sp eRas Hs, ciaptoabri 


City 6 ip ttn tare 7 as. siqeae out: Ye. ‘13ta8 


eigen DL ose A eee nee el bweR oF 200" ax ‘how 


_— ds oe SF ho oF . San tlouyg Ate onze 


af 
» poe ag 


¥ 1s 
bry 


. / a Wor} gore aoe arts ato 


Atv Sh% Abas bine cotedauautyteg sedaQ — = 
lazy - piiteew Be es pea ani ly a at 5 


7s 
ae 
mS 


atia th beCams. Bp ere & ot (inrpeteorgea 
‘ceo Dts tov lt pieebivers a aime Redpeey Cane 


iy 


j: bo.t2g esas nade efhiiaoeds ost a . 


ete biapaa. wilt Aides rest stad Sap pe: aba Fam oausised 
2 


tp ott «Geran tered a ‘af low oF —eer tas povones 
Yed bovele. deus tne white Bisset basi aac a? qe7n0D 
ilo 6¢ se Ge etetel oeae! i aia, 30%. wownrer 


8 Picci ly vb 2) , sted, cou +29 (bane ait. - ehelquos astt 


diedas ae Lae a . ee an soteatuotse 


» 
= 


i _— 7 


an 


io 


i ae 


138 


was based on the assumption that the contents in the crucible 
after heating in the furnace was WO,- The wt.% tungsten was 
found to be 72.6 +/- 0.01 compared to the theoretical wt.% W 


based on the fornula (NHy,) 6W) 2039 Which Supa. 


It was found in the literature (24,25) that the 
impregnation of alumina with an aqueous solution of ammonium 
metatungstate followed by drying and reduction in hydrogen, 
resulted in a reaction of the tungsten with the alumina... It 
was not clear whether this reaction was a result of the 
compound used to impregnate the alumina, or due to other 
factors such as the presence of water or oxygen or whether it 
was just the chemical nature of the W/ Al,03 system. Because 
of the successful preparation of the Pt.and Ir catalysts with 
PtClh and IrCl,, it was decided to impregnate the Alon with 


WCle. Further, the reduction was attempted in situ. | 


The procedure was as follows: A weighed amount of dry 
Alon was placed in a three necked 250 ml round bottomed flask. 
Two of the necks of the flask were fitted so as to act as an 
inlet and/outlet port for dry natrogen purge gas. The third 
neck of the flask was fitted with a 125 ml cylindrical 
separatory funnel. WCl¢ is not soluble in water and thus 
was used as the solvent. The CCl, was spectral quality 
(Fisher Scientific Co., Fairlawn, New Jersey) and was dried 


with molecular sieves. An amount of WCl, was dissolved into 
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100 ml of CCl, so as to give a 1wt% W loading to the Alon. 

The CCl, /WCle solution was kept as free fron exposure to water 
aS possible. The solution was added slowly to the Alon which 
was being purged by dry nitrogen and also stirred with a 
Magnetic stirrer. The solution was allowed to impregnate the 
Alon for 1 hr. At this point the nitrogen flow was stopped 
and a gentle vacuum was attached to the outlet pert of the 
flask. A heating mantel was used to heat the flask and help 
4° When most of the ccl, had been removed 


the vacuum was shut off and the flask was purged with Hos The 


Groti lt off the. CCL 


heat to the flask was increased so as to promote the reduction 


of the tungsten. 


This method was attempted three times. Each time whea 
the dark coloured CCl ,/ Wl, solution was added to the Alon and 
heat applied from the heating mantel, the solution went clear. 
No reduction to metallic tungsten was ever achieved in the 
three attempts. It was concluded that WCle also reacts with 


the Alon to give a irreducible form of tungsten. 
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